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STANCES AND THE NATURE OF SOIL ACIDITY 
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By the earlier investigators the inversion of cane sugar was believed to be 
catalyzed by hydrogen ions and by no other non-organized substance. (In- 
version by enzymes will not be considered in this paper.) Ostwald (67), 
Arrhenius (9), Palmaer (69), Ley (52), and others believed so implicitly that 
inversion could not be produced in any other way that, whenever discrep- 
ancies appeared in their results, they were attributed to side reactions taking 
place, or to physical disturbances in the system.! Thys were hydrogen ions 
detected, and hydrogen-ion concentration determined—by measuring the 
rate of inversion of sucrose (95). The majority of chemists today believe as 
did those earlier workers, though some would modify the hypothesis to in- 
clude undissociated hydrogen as also having catalytic action in some cases.” 

From time to time phenomena have been recorded which at first sight 
appeared to be instances of inversion where acid hydrogen was not present. 
But in these cases it was never conclusively proven that acid hydrogen was 
not present either at the start, or formed later through the decomposition of 
the sugar itself. Cane sugar is quite easily decomposed, and among the prod- 
ucts of decomposition, substances of an acid character seem to predominate. 
Thus often conditions may be such that although no acid is present at the 
beginning of an experiment, it may later be formed, inversion then taking 
place (10, 99). Such cases are recognized by determining at intervals the 
amount of sugar inverted, when it is found that as time goes on, the sugar is 
inverted at a greater and greater rate. On the other hand, if the action were 
due only to acid present at the beginning, then the rate of inversion must 
fall off as the reaction proceeds, since according to the mass law, the amount 
of sugar acted upon at a given time must depend upon the amount present at 
that time to be acted upon. Rayman and Sulc and others (49, 76, 85) have 
found that pure water causes inversion at high temperatures; the rate is low 
at first but as the heating continues it becomes greater. The initial inversion 
is attributed to that slight quantity of hydrogen ion always present in water,and 
the increase in rate, to acid produced through the decomposition of the sugar. 


1 Hence arose the ideas of “active” and “inactive” sugar molecules, stimulation of the 
catalytic activity of hydrogen ions, increased rate of movement of hydrogen ions, internal 
friction in solutions, increase in the osmotic pressure of the sugar in solution, and so on. 

? Acree (4) and Snethlage (86) believe that in the case of the stronger acids undissociated 
acid hydrogen is even more active in causing inversion of sugar than hydrogen ion. See 
also Lamble and Lewis (50) and Harned (39). 
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Inversion by metals and metallic powders has been observed by Rayman 
and Sulc (76), Lindet (53), and Pizak and Husek (73), but again we must 
conclude that the sugar is first decomposed, and it is the products of this de- 
composition that are effective (99). Inversion by sunlight (75), the electric 
current (66), ultraviolet light (15, 29), and radium (46) are to be explained 
in the same way. 

The action of salts on sucrose has been carefully studied. As should be 
expected, if a salt hydrolyses in solution with the formation of acid hydrogen, 
then inversion must take place. Such has been found to be the case with 
cadmium, zinc, lead and aluminum nitrates (101), manganese, zinc, iron and 
aluminum sulfates, iron, manganese, lead, cadmium, and mercuric chlorides 
(57), chromium sulfate (103), aluminum and copper chlorides, cadmium, cop- 
per and nickel sulfates (45). Salts of bases with acids of equal strength, or of 
strong bases with weak acids, do not invert.* 

Geerligs (33) made the interesting observation that while invert sugar 
exhibited no action on sucrose when alone and neither did such neutral salts 
as the chlorides of potassium, sodium, lithium, calcium, strontium, barium 
and magnesium, yet if invert sugar was present in solution together with any 
of these salts, hydrolysis of the sucrose did take place. It was explained by 
postulating that through hydrolysis of the salt, and a combination of the 
basic part with the monose sugar, the acid was left free to exert the char- 
acteristic inverting effect. The following equation was given to explain this: 

MA + HOH + CeHnO¢ = MOH C,Hi20¢ + HA 

salt water glucose basic glucose compound ionized acid 
Contradictory results, however, were obtained by Deerr (28). 

The literature on the subject of sucrose inversion is voluminous, but it has 
never been proven that this reaction can be effected in any other chemical 
way than through the presence of acid. 


INVERSION OF CANE SUGAR BY SOILS 


That soils will cause inversion of cane sugar has already been shown by 
Tacke and Siichting (94), and by Hanley (37). It seemed to these investi- 
gators that organic matter was the principal factor in producing the effect. 
The following experiments will show, however, that inversion must be attrib- 
uted in large measure to the mineral portion as well. 


Experiment 1 


Here recorded are a number of soils of all types, which have significant 
inverting action. 

To 50 cc. of a 5 per cent cane sugar solution 5 gm. of soil were added. The 
mixture was heated 13 hours on a water bath at a temperature of 83° to 85°C. 

3 The action of some neutral salts in increasing the inverting power of strong acids has 


been of considerable interest, but will not be taken up here. See especially Spohr (89), also 
Acree (4) and Snethlage (86), and many others. 
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The quantity of invert sugar was determined in an aliquot of the filtrate by 
Cole’s method (25), and reported in terms of grams of sucrose inverted. In 
another portion of the filtrate, the hydrogen-ion concentration was determined 
by the colorimetric method perfected by Sérensen (88, 102). The results for 
hydrogen-ion concentration are given in the same terms as used by Sérensen: 
P(H), as the logarithm (base 10) of the normality with respect to hydrogen 
ions, the minus sign being understood, For instance, a P(H) of 6.1 refers to a 
hydrogen-ion concentration of 10-*! normal. Soils are arranged in order of 
decreasing powers of inversion: 


SOIL SUGAR INVERTED PER P (H) 
gram 

IRR Nac 1ae aslo! a(a)svein ahdiays itis soateiaiee cieieles 0.6179 7.07 
JEPANCBE, AN 5 si. 405s Be aera yaa ter sain 0.1850 6.98 
WOMAORS LG oe aes iiajnieiniolaigaler a clowicwelaaclon «xieeis 0.1360 7.08 
ESR EURC e are Creare mre 0.1248 tele 
I AENANS EO ese oo Souq aig 6 cola pet Ja soo eraser srtas sls Pyd 0.1197 7.14 
WS Guv aera Kie Whe irs ao waasik is Sessaie sere sluisie oes aw eres 0.1132 7.08 
Wie ASTRO ooo wate ie share sis aver ssa le wie wissen winters 0.1054 7.07 
INGW. NOt, PUIREY TUIOO, 5c os.ce ss ww saiediee ees 0.0986 7.08 
INC WHOTKS DOr cn orc cesic cess aetedew ARR aaa ae 0.0980 7.08 
PIRATE FLO oo es a terats Pee saponin Stones e ese 0.0935 7.08 
RR REOR Eel areata kes ara.cl ots lays a. 5 one sisson dors 0.0890 6.98 
MANNION bose ve) 2 2s 35/3/05 aa cieie sepa) past aeahen ge oreee 0.0872 7.08 
I Wg OTE ILO tese a5e is 628 bo Sia sided was sesess be. ions 0.0852 en 
PUMATION CN foals ain asa. yas) s\s10(5 3 woe bist oid) aiove ele 0.0811 6.98 
New York, Dutchess Silt Loam, Orange Co., 1..... 0.0722 7.06 
1 | EE 0) ct £25 5 a eo ee ee 0.0680 7.14 
DN CRY GRMN NAS ci Fioak nha devas is acs ale a acas 4% 0.0644 7.06 
EN ORE hota aie as hisrcine vis, = sun easel ee 0.0554 7.06 
ING OTKS RODCROS LG 5 oicc:s.0.0 5,019 oe dver tie sierecs acolo 0.0545 7.14 
bed COLE 71 Lee a ee 0.0510 7.14 
New York, Vergennes Clay, Washington County... 0.0510 6.98 
New York, Dutchess Silt Loam, 2............... 0.0482 6.98 
New York, Cornell Wood Lot.................. 0.0476 7.09 
WAAC ee oreo oo cists sieis ais oe sis erste Na eiea 0.0476 TAS 
INGw Works "Alaa? sss <.cio sie sin sis Sse nis deine ales 0.0452 » 7.15 
IN Pes Coty oo) | (Ue re ar 0.0456 7.14 
IEW OMNO 2 oot wiocoxe staico asia SSaeeeeienaseas 0.0442 7.14 
New York, Vergennes Clay, Jefferson County..... 0.0421 7.14 
POLS CAR G2) 6 yl 20) © rr rr 0.0380 7.08 
New Work, Dutkey Bas. 0.056. osio si cok cee ois 0.0300 7.14 
New York, Ontario Loam, Oncida County........ 0.0244 7.14 
LSP CY 2 ial 2) a ae 0.0228 7.14 
New York, Ontario Loam, Monroe County....... 0.0210 7.14 
DEG OV MON 55 bins oh aiclew Gos aioe sae mewlewaw 0.0224 7.14 
Je SEC) Lge ae ee a Pe 0.0182 7.14 
INGW WOrks GiALKQUNE) ico s6 disc ccesacsww eee 0.0000 ice, 
LETTE 63s UL [FS a tS ee 0.0277 
IM ADE Se, Cin pints aio nose wearer eeenwaws 0.0252 
Eds css ois aces alSstae a2iie ln Seer A 0.0210 
PUCK PAG ects cess aise saine ei ceere cs ate aks BSA eorss 0.0193 
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Inversion by metals and metallic powders has been observed by Rayman 
and Sulc (76), Lindet (53), and Plzak' and Husek (73), but again we must 
conclude that the sugar is first decomposed, and it is the products of this de- 
composition that are effective (99). Inversion by sunlight (75), the electric 
current (66), ultraviolet light (15, 29), and radium (46) are to be explained 
in the same way. 

The action of salts on sucrose has“been carefully studied. As should be 
expected, if a salt hydrolyses in solution with the formation of acid hydrogen, 
then inversion must take place. Such has been found to be the case with 
cadmium, zinc, lead and aluminum nitrates (101), manganese, zinc, iron and 
aluminum sulfates, iron, manganese, lead, cadmium, and mercuric chlorides 
(57), chromium sulfate (103), aluminum and copper chlorides, cadmium, cop- 
per and nickel sulfates (45). Salts of bases with acids of equal strength, or of 
strong bases with weak acids, do not invert.’ 

Geerligs (33) made the interesting observation that while invert sugar 
exhibited no action on sucrose when alone and neither did such neutral salts 
as the chlorides of potassium, sodium, lithium, calcium, strontium, barium 
and magnesium, yet if invert sugar was present in solution together with any 
of these salts, hydrolysis of the sucrose did take place. It was explained by 
postulating that through hydrolysis of the salt, and a combination of the 
basic part with the monose sugar, the acid was left free to exert the char- 
acteristic inverting effect. The following equation was given to explain this: 


MA + HOH + CeHnOc = MOH C,Hi20¢ + HA 
salt water glucose basic glucose compound ionized acid 


Contradictory results, however, were obtained by Deerr (28). 

The literature on the subject of ‘sucrose inversion is voluminous, but it has 
never been proven that this reaction can be effected in any other chemical 
way than through the presence of acid. 


INVERSION OF CANE SUGAR BY SOILS 


That soils will cause inversion of cane sugar has already been shown by 
Tacke and Siichting (94), and by Hanley (37). It seemed to these investi- 
gators that organic matter was the principal factor in producing the effect. 
The following experiments will show, however, that inversion must be attrib- 
uted in large measure to the mineral portion as well. 


Experiment I 


Here recorded are a number of soils of all types, which have significant 
inverting action. 

To 50 cc. of a 5 per cent cane sugar solution 5 gm. of soil were added. The 
mixture was heated 1} hours on a water bath at a temperature of 83° to 85°C. 

3 The action of some neutral salts in increasing the inverting power of strong acids has 


been of considerable interest, but will not be taken up here. See especially Spohr (89), also 
Acree (4) and Snethlage (86), and many others. 


INVERSION OF CANE SUGAR BY SOILS 335 


The quantity of invert sugar was determined in an aliquot of the filtrate by 
Cole’s method (25), and reported in terms of grams of sucrose inverted. In 
another portion of the filtrate, the hydrogen-ion concentration was determined 
by the colorimetric method perfected by Sérensen (88, 102). The results for 
hydrogen-ion concentration are given in the same terms as used by Sorensen: 
P(H), as the logarithm (base 10) of the normality with respect to hydrogen 
ions, the minus sign being understood. For instance, a P(H) of 6.1 refers toa 
hydrogen-ion concentration of 10-*' normal. Soils are arranged in order of 
decreasing powers of inversion: 


SOIL SUGAR — PER Pp (H) 
gram 

Pamancse lees wcrc eateuest onuieanssmees 0.6179 7.07 
Japanese, 11.......... TOR 0.1850 6.98 
PAMNABCSENIS ove erie i oss ne ssixia ie MOGI GS ioiws as ee 0.1360 7.08 
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DCW NOT te rors -0: tesa oes asa eo sho cies arene eg ws 3S 0: 1132 7.08 
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New Vetk: Turkeys: 0 yio5 <ycdae sos scsseecs 0.0986 7.08 
BNEW ORNS TI2O ae) facia ink oie Gi laine Sa sale oie 0.0980 7.08 
PROMOTE TOO a coe Satin oS Sim eens kaw se 0.0935 7.08 
MN yg os ca log 0p ie Seve wees sores eae 0.0890 6.98 
IRADAR CSC H Cicys a 2oiecoiets 6 (4; ciass-ereie cvstoaaibistacelardisisie sie oi 0.0872 7.08 
PVE NOLS OLN tele sciSi.6 one 8d sepsis siege sieneien Sales 0.0852 743 
aTAMORONO ie terse eras rectors eee os Sa aie tans teins 0.0811 6.98 
New York, Dutchess Silt Loam, Orange Co., 1..... 0.0722 7.06 
EMOTO oS sa) S cco iswaiain Fo naliin emek ORS 0.0680 7.14 
POW EN OO Ue sehr seine Aa eauereiewareearesen 0.0644 7.06 
NWO era tact wasscniris ta eis Hasso aeteeienesiee 0.0554 7.06 
INGW. WOTK? RODCIS Ms ai sc socks ace seaside 0.0545 7.14 
POW MOIRS IEE cis isd « aiein ts 60:5 Geel eieiew ac'ae siors 0.0510 7.14 
New York, Vergennes Clay, Washington County... . 0.0510 6.98 
New York, Dutchess Silt Loam, 2............... 0.0482 6.98 
New York, Cornell Wood Lot.............20000. 0.0476 7.09 
PARES EN Se eros otis os ine nas aw ee cet pete wa 0.0476 (ieee 
DOW ROVE ANNIE 1550 asis.n os one x ais wiacas sincera 0.0452 EAS 
MWe ORR NO eo fo-e Go si evsis ictplnse ererole rare a1erstinie 0.0456 7.14 
DCW NNT IE ois oca rcs cies) oS. cic as Fete eas 0.0442 7.14 
New York, Vergennes Clay, Jefferson County..... 0.0421 7.14 
HCW OE OUR ow iesencs bees cacwcalnsaes 0.0380 7.08 
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New York, Ontario Loam, Oncida County........ 0.0244 7.14 
cee HA. COO) 2! (OE 0.0228 7.14 
New York, Ontario Loam, Monroe County....... 0.0210 7.14 
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A solution of sugar made up to 5 per cent such as was used in this experi- 
ment, was found to contain 0.0026 gm: of invert sugar per 50 cc., and to have 
P(H) of 7.07. The same solution heated for 3 hours under the conditions 
observed above, was then found to have 0.0036 gm. of invert sugar per 50 cc., 
and P(H) of 7.06. It has already been mentioned that water had been found 
by others to have some decomposing action on sucrose; however, it is seen, 
that under the conditions of these experiments, this action is so small that it 
may be generally neglected. Asa further precaution, water extracts of several 
soils were titrated as in Cole’s procedure, to find whether or not some of the 
reducing power might be due to something dissolved from the soils: the mucks 
were found to yield slightly reducing extracts, but the mineral soils showed 
either none at all or very little, indeed. This factor may also be neglected, 
except, perhaps, where the total inversion is found to be exceedingly slight. 


THE CHARACTER OF THE SOIL EXTRACTS 


Bearing in mind that a solution of absolute neutrality has a hydrogen-ion 
concentration of 10-77 normal, it may be seen from the above experiment 
that soils can exhibit significant inverting power while their sugar extracts 
are only slightly acid, and in most cases neutral or alkaline. This would 
seem to indicate that inversion is principally a property of the solid phase— 
that there cannot be enough acid in solution to account for all. However, 
attention was given to the possibility of catalytic action being due to something 
in the solution phase. 

In considering this possibility, there are two conditions under which it 
might be found to hold. First, there may be some water-soluble acid in these 
soils. (Hanley found frequently that the water extracts of his soils had in- 
verting power.) Second, there may be some soil acids that are not soluble in 
water, yet are soluble in cane sugar solution. (There are many known cases 
of substances being more soluble in sugar solution than in water (100).) 

If water-soluble acid is present in the soils, then water extracts should 
exhibit inverting action. 


Experiment 2 


Ten-gram portions of some of the most acid New York soils were extracted 
with 50 cc. of distilled water, allowing the water to stand in contact for 3 
hours at 83° to 85°C. To 25 cc. of the filtrate was added 25 cc. of 10 per cent 
cane sugar solution, and then heated for 3 hours as usual. The amount of 
sugar inverted is recorded, together with the amount of sugar inverted by the 
same soil in mass in 1} hours (taken from Experiment 1). These results are 
corrected for the amount of invert sugar present in the cane sugar itself, and 
in some cases by a small figure representing the reducing power of the water 
extracts of the soils. 
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SUGAR INVERTED BY | SUGAR INVERTED BY SOIL 
SOIL WATER EXTRACT FROM ITSELF (SEE EXPERI- 
5 GM. OF SOIL MENT 1) 
gram gram 

ME re ac Bieter Seek o OG se Me eee Nie OSes eee 0.0009 0.1132 
PAU AW ry TRAIAN GO ese og 5 5735 se) aie 1o Saale, i eisls Gis ieiereiels ors 0.0026 0.0986 
Be isis ere fais hwenen wom ne Fae aie ese inwainvem 0 0.0680 
(1 Gar ar RC ee Pe Oe eT 0.0014 0.0510 
1. ene ere ease vale loko ataiiea Sano wa rehvier os Sia nce meaae 0.0055 0.0228 
eee 0 0.0277 
i tel 25a Lb LUNAR ac eee ana ee rare 0 0.0193 


It is seen that water extracts from only a few of the most acid soils have any 
inverting power, and that insignificant when compared with the power of the 
soil itself. This is in agreement with conclusions usually drawn concerning 
the reaction of water extracts of soils. It is probably only where air and water 
movement in a particular soil are restricted, or under other peculiar conditions, 
that water-soluble acids can form and accumulate (31). But on the other 
hand, water extracts of the most acid soils, when boiled to remove carbon 
dioxide, have been usually found to be alkaline (22, 63, 97). As will be re- 
ferred to again later, the use of the hydrogen electrode in determining hydro- 
gen-ion concentrations of soil suspensions seems, at first sight, to yield con- 
tradictory results, but it must be remembered that these measurements have 
been made upon suspensions and extracts in the cold and containing carbon 
dioxide in considerable quantities. This is an acid, and cannot but have some 
influence upon the hydrogen electrode, yet cannot be said to be an undesirable 
constituent of soil systems. At the temperatures used in digestions with 
cane sugar, carbon dioxide would be driven off, and could not therefore be a 
factor in the inversion reaction. 

Consideration of the second possibility led to the following experiment. 


Experiment 3 


Five-gram portions of two moderately acid New York soils were heated with 
50 cc. of a 10 per cent cane sugar solution at 83° to 85°C. After 2 hours the 
soil was filtered away, and the amount of sugar that had been inverted de- 
termined in aliquots of the filtrates: Soil A, 0.0369 gm. per 50 cc.; Soil B, 0.0563 
gm. The remainder of the filtrates were further heated for 12 hours and the 
invert sugar again determined: A, 0.0377; B, 0.0546. Other digestions were 
prepared with identical conditions except that the soils remained in contact 
with the solutions for the entire 2 hours; the amount of sugar inverted by Soil 
A was 0.0561 gm., and by B, 0.0848 gm. 

These results show that no continued inversion took place in the sugar 
extract after the soil was removed, therefore there could not have been any 
acid extracted. Yet when the soil was in contact with the solution the whole 
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time much more invert sugar was produced, indicating again that the active 
agency remained with the soil mass. ~ 


ACTIVITY DUE TO THE SOLID PHASE 


Experiment 4. A study of the amount of inversion produced by varying quantities 
of the Same soil 


All sugar solutions were prepared containing 10 per cent of cane sugar. To 
50-cc. portions, different quantities of soil were added as indicated. The 
time of digestions was 1} hours, and the temperature was kept at 83° to 85°C. 
Results are given in grams of sugar inverted in the 50 cc.: 


soIL P1 sor, P3 SOIL 724 
AMOUNT OF SOIL 
ADDED 

Invert sugar P (H) Invert sugar P(H) Invert sugar P (H) 

grams gram gram gram 
1 0.0107 7.07 0.0340 7.07 0.0342 6.98 
2 0.0159 7.07 0.0680 7.07 0.0653 6.98 
4 0.0188 7.09 0.0816 7.07 0.0673 6.98 
8 0.0367 7.07 0.1088 7.07 0.1061 6.98 
16 0.0612 7.07 0.1061 7.07 0.1115 6.98 
32 0.1295 0.1134 7.07 0.1360 6.98 


According to the hypothesis of Guldberg and Waage (65), ‘“‘the active masses 
of solid bodies which participate in a chemical equilibrium are constant.” 
It should be specified, however, that this applies where the activity of the 
solid is due only to that part which passes into solution. For, if there is pres- 
ent a saturated solution, its concentration must, of course, be independent of 
the amount of solid present over and above that necessary to produce it. If 
the soluble part only enters into the reaction, then, barring secondary effects, 
the action will be the same whether the amount of solid present be much or 
little. But, on the other hand, if the solid phase is active in the reaction, then, 
the extent to which such a reaction proceeds will depend upon the amount of 
that solid present. If soils are considered as containing very slightly soluble 
acids, then the quantity of acid in solution will not be different whether 1 or 
32 gm. of soil stand in contact with a given amount of water, and therefore 
there should be the same amount of inversion by soils whether 1 or 32 gm. 
are used. The above results show that this is not the state of affairs ‘but 
that the amount of inversion depends upon the amount of sol present The 
only interpretation that can be made, then, is that the solid phase itself is the 
active factor in inverting cane sugar, and not the solution phase of some 
highly insoluble acid. 

While the quantity of sugar inverted depends upon the amount of soil 
present in contact with the solution, it is noted that the hydrogen-ion con- 
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centration of the extracts is independent of this ratio—remaining the same 
whether 1 or 32 gm. of soil stand in contact with 50 cc. of solution. Similarly, 
Sharp and Hoagland (83) found ‘“‘comparatively insignificant changes in the 
H-ion concentrations when widely varying proportions of water to soil are 
used.” These facts bring out very strikingly that that acidity which is bound 
up with the soil mass is independent of the character of the solution standing 
in apparent equilibrium, and that such acidity cannot be measured by deter- 
mining the hydrogen-ion concentration of the solution in contact with that soil. 


Experiment 5 


If the active agency in the inversion of cane sugar is the soil particles them- 
selves, then the reaction must take place at the surface of the particles only. 
In such a case the rate of inversion would depend upon the rapidity with which 
the inverted sugar diffused away from this region, and with which the sugar 
unacted upon diffused toward it (64). It was thought that shaking might 
hasten the inversion, therefore, by causing the soil surfaces to come in contact 
with fresh solution oftener than would happen if the mixture were allowed to 
stand quietly. As the digestions in this experiment took place at room tem- 
perature, but little total inversion was found; however, the amount of invert 
sugar produced is seen to be very much greater where the samples were shaken: 


SHAKING 9 HOURS; STANDING 16 


SOIL NUMBER STANDING 24 HOURS HOURS 
gram gram 
1 0.0085 0.0238 
2 0.0085 0.0293 
6 0.0031 0.0146 
9 0.0097 0.0287 
Ex periment 6 


Here an attempt is made to lessen the inverting power of soil by repeated 
extractions with water and with sugar solution. Five-gram portions of soils 
were heated on a water bath for 2 weeks with (a) water, and (b) 5 per cent sugar 
solution. Every day the supernatant liquid was poured off and replaced with 
fresh. Finally, the inverting powers of the residues were determined, and 
compared with that of the same soils untreated: Soil 2 untreated, 0.2744 gm. 
sugar inverted; same extracted with water, 0.1945 gm.; same extracted with 
sugar solution, 0.1400 gm. Soil 9 untreated, 0.1689 gm.; same extracted 
with water, 0.1066 gm.; same extracted with sugar solution, 0.0866. Soil 12 
untreated, 0.1215 gm.; same extracted with water, 0.0955 gm.; same extracted 
with sugar solution, 0.0982 gm. Soil 15 untreated, 0.1360 gm.; same extracted 
with water, 0.0867 gm.; same extracted with sugar solution 0.0870 gm. 

In this as well as in other experiments, where long continued extraction of 
soil has been employed, it has never been found that the inverting power can 
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be reduced to zero, though as is seen, in some cases a very insignificant reduc- 
tion can be effected. During the long continued extraction treatments at 
high temperatures, it is probable that many changer are taking place at the 
surface of the soil particles, and that the loss in inverting power is due more to 
this than to a dissolving away of the soil acid. 

In the above experiments, many cases are found where inversion by a soil 
took place, and at the same time the extract was alkaline, i.e., P(H) less than 
7.07. This may seem strange—that there should be solution of free base, 
yet the soil standing in contact with this solution and presumably in equilibrium 
with it, should behave as an acid. The following experiment shows this even 
more strikingly. 

Experiment 7 


Five-gram portions of acid soils were treated with 0, 5, 10, 15, 20 cc., respec- 
tively, of saturated lime water, evaporated to dryness, and the inverting power 
of the residues tested, by digesting under the usual conditions with 50 cc. of 
5 per cent sugar solution. The amount of the sugar inverted and also the 
hydrogen-ion concentration of the extracts are recorded: 


SOIL LIME WATER ADDED | SUGAR INVERTED P (H) 
cc. gram 
if 0 0.3092 6.90 
| 5 0.0456 7.24 
Se eT { 10 0.0081 7.50 
15 0.0060 7.85 
20 0.0038 8.30 
0 0.2928 6.98 
5 0.1557 7.05 
7 TEES Ee ee er 10 0.0890 1.25 
15 0.0840 7.25 
L 20 0.0340 7.35 
} { 0 0.3972 6.90 
5 0.1998 6.95 
een ivhivesbbbeawenke 10 0.0869 6.96 
15 0.0393 7.25 
20 0.0033 8.04 
( 0 0.0668 6.98 
5 0.0150 7.35 
a ea Ee eee are 10 0.0075 7.50 
15 0.0069 7.65 
25 0.0018 8.30 


Here it is shown again that a soil may be in equilibrium with an alkaline 
solution and still exhibit marked acid properties, such as inverting action on 
sucrose. 
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Thus far it has been definitely established that inversion by soil is due al- 
most entirely to something intimately bound up with the solid particles them- 
selves, and in very small measure indeed, to anything passing into solution. 

The next experiments were prepared with the idea of testing the action on 
sugar, of substances, the composition or condition of which is understood, 
that it might be reasoned by analogy to what the inverting power of soils is due. 


INVERSION BY OTHER SOLID SUBSTANCES 


Experiment 8 


A large number of insoluble substances were tested for their activity on cane 
sugar. The strength of the sugar solution was 10 per cent, 50 cc. being used, 


and the temperature of digestion was 83° to 85°C. : 


DURATION OF 


MATERIAL AMOUNT USED DIGESTION SUGAR INVERTED 
grams hours gram 
Alumnia (Kahlbaum)................ 50 3 0 
Silicic Anhydride (Kahlbaum)........ 5.0 3 0 
ULCER PADET sic o.c.0is ais aieis oe esi sein erie 0.5 2 0 
COC, 2) UE ORIEN eee RE RA SER TEER 3.0 2 0 
LACT OC ree ae PE 2.0 3 0 
RSPRIPRON a os cas Sis occ vies ile 3 5 2 0 
WET BOGE nin ss. 5k :0 aris ska 5 3 0 
DDT. tg tec yp | i ae a 5 3 0 
ICE GLE oi <e osd oo enw hoes eee 5 3 0 
RONEN neers) cise cle ska ches 3.5 co lela eletans S 2 0 
PBN NEA atc ekg Soave ora seer wats 5 2 0 
POUPER CIA oo cscicig s-4:sy o's W510 woke a ors 5 1} 0 
Dicalcmm phosphate.......:..5..:.0:0.605:6: 5 1 0.0622 
OMENS AGH v.05 ie osc Saiz o Nes aniee nies 5 2 0.0886 
MEAN apse Te uharain ae vice ad oie eaters N 3 0.0425 
gf UTC CTs CN an Pe 5 3 24300 
COLD EA ag eee a ee a 5 3 0.0358 
LE LORE a ee 5 3 0.3060 
COUBIARUSHICIC ECIA 655 35.5 5s vie oes 25'ce: 3 0.0792 
COPS ce 1 3 0.4713 
Barium sulfate CR ea aa iain cea erent svat ans 0 
Bari sulfate (b)T..:.:.006 asc 0es00s 0.2055 


* Prepared by acidifying a solution of water-glass with hydrochloric acid and carefully 


dialyzing until all chloride was removed. 


+ “Humic acid,” also casein, were washed until apparently free from soluble acid. 

t Barium sulfate (a) was precipitated in the presence of hydrochloric acid and washed until 
apparently free from chlorides. Barium sulfate (b), was precipitated in a neutral solution. 
Equal quantities of (a) and (b) were used. 


Some rather unexpected results were here obtained. Fuller’s earth, which 
has often been put forward as having characteristics similar to acid soils (63), 


likewise cotton (21) and charcoal (22), did not invert, neither did Kahlbaum’s 
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silicic anhydride, though it will be shown later that in the latter case action 
may have been prevented by impurities. Dicalcium phosphate inverts, 
though the dibasic alkali phosphates do not. There was probably a decom- 
position of the dibasic calcium phosphate with the formation of some mono- 
calcium phosphate which caused the inversion.‘ 

If it is true that inversion is caused only by acid, then casein, tannic acid, 
colloidal silicic acid and humus must be themselves acids or must contain 
adsorbed acids. The behavior of barium sulfate would point to the latter 
possibility. 

This led to the study of the action of materials containing adsorbed acids, 
and experimentation was made in many ways.’ It was often found that after 
solid materials had stood in contact with acid solutions, then washed until 
the washings no longer gave tests for the acid and showed hydrogen-ion con- 
centration to be the same as that of pure water, they still had a strong in- 
verting action on cane sugar. The following is an example of many such 
experiments performed, all of which will not be recorded here. 


Experiment 9 


Aluminum oxide was allowed to stand in contact with dilute hydrochloric 
acid solution; barium sulfate was precipitated in presence of an excess of hydro- 
chloric acid, and lead sulfate in presence of sulfuric acid. All were washed 
with water and with cane sugar solution until the washings gave no tests for 
chlorides or sulfates. Action on sucrose was then tested for in the usual 
manner. Aluminum oxide inverted 0.0128 gm. of sugar, the extract giving 
a hydrogen-ion concentration of 7.24; barium sulfate, 0.0106—7.10; lead sulfate 
0.0442-7.10. 

Similar experiments with charcoal showed that the acid was more easily 
washed out, and by the time the washings became just neutral, it had no 
inverting action. Attempts to show that carbon dioxide adsorbed on charcoal, 
barium sulfate, lead sulfate and sulfur could invert sucrose gave negative results. 
These materials were suspended in water and carbon dioxide gas passed for a 
long time, but the materials thus treated would not invert. Such behavior 
was not anticipated, since under other conditions carbon dioxide has been 
found to have inverting power (2). 

The above results show that solid materials can so bind soluble acids that 
they may not be removed with water, in any measurable degree, but still will 
invert cane sugar when allowed to come in contact with that solution. 


ACTION OF THE ELECTRIC CURRENT IN DECOMPOSING SUBSTANCES IN SUSPENSION 


If any slightly soluble salt such as tricalcium phosphate or barium sulfate 
is placed in the lower part of a U-tube, covered with water, and direct current 


4 In this connection see Joly and Sorel (43). 
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passed by immersing electrodes in the upper arms of the U-tube, it will be 
found that the salts are rapidly decomposed, the base moving to thecathode, 
and the acid in the opposite direction. 

Such action of the current on silicates was observed by Brongniart and 
Malaguti in 1843 (20). Similar experiments on soils were performed by Konig, 
Hasenbaumer and Hassler (48), who believed that adsorbed elements, especially 
bases, were forced from their combination with the soil complex in this way. 
However, there seems never to have been made a study of the silicate residue 
after such treatment. In the following experiment a number of soils and allied 
substances were extracted with an electric current, and the behavior of the 
residues tested. 

Experiment 10 


The materials to be studied were placed in U-tubes, the arms sometimes being 
filled halfway. The tubes were filled with water and electrodes from a 110- 
volt direct current allowed to dip just under the water. From time to time 
the water was removed from both arms and replaced with fresh. Solutions 
from the cathode compartment were always found to be alkaline to phenol- 
phthalein and that from the anode side sometimes, but not always, acid to 
neutral red. After the current had passed for a long time and the water had 
been replaced a number of times, it was found -that less and less base was 
forced into the cathode side. Tests of the activity of the residues upon sugar 
were made, and compared wth the action of a similar amount of untreated 
material; P(H) of the sugar extracts are also recorded in the following table. 

The results show that silicates can be rendered active on cane sugar by the 
action of the electric current, when the original substance had no such action. 

In every case the solution in the cathode compartment became alkaline 
rapidly and strongly; acid could sometimes be detected in the anode side but 
was never so marked as the alkalinity of the cathode compartment. This 
splitting off of base together with the increase in acidity of the residue, would 
point to a breaking up of the silicate, silicic acid remaining behind in the 
residue, to which would be attributed its inverting power. On the other 
hand, there is the possibility that impurities might be present, such as chlorides, 
sulfates and phosphates, which were decomposed by the current—the bases 
passing into solution while the acid was adsorbed by the silicate complex. 
One would then attribute the inverting power of the residue to this adsorbed 
acid. As is seen from previous experiments, adsorbed acids do very readily 
invert cane sugar, and if such an adsorption of acid had taken place, this 
would be sure to follow. However, many investigators have shown that the 
silicate complex universally adsorbs base in preference to acid, so that there is 
the greatest reason for believing that if, for instance, tricalcium phosphate were 
present and decomposed by the action of the current—if the calcium were not 
adsorbed by the silicate, then neither would be the acid. This leaves the other 
alternative—that in the silicate residue insoluble silicic acid is left, after the’ 
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base with which it was in combination is driven out by the current, and it is 
this silicic acid which catalyzes the reaction of cane sugar inversion. 

In an attempt to prepare silicic acid in such a manner as to preclude the 
possibility of any other acid being present, the following experiment was car- 
ried out. Starting with Kahlbaum’s “silicic anhydride,” which is seen to be 
impure, for a large amount of base may be extracted by the current, a quantity 
was boiled with concentrated nitric acid, filtered, and washed with water. 


MATERIAL AND TREATMENT sig ae P(H) 
gram 

SRE IID oe Po Wh ho ots hcbax tesa aadal 0.1698 7.09 
RS APONTE 8 MIRYS, <5 os wes ivn dcx dans sou ssce een & 0.1954 7.09 
OM NMMINI DL... Li nSsah sts Ga Goa a eck emoskw ss 0.1644 7.09 
eee APRRENRO SOUS ows snicle'sh elas abe bieessewasess 0.3306 7.08 
SIU 5s ena pes naanssesnessalses’s 0.1884 7.09 
MN SRIRUR ooh ig nde scuiiwcraanaen ai aees 0.4094 7.09 
2 LI SSS ee eee eee et 0.1810 7.09 
OR) a er 0.2611 7.09 
ee ae ee ee 0 tat 
EERIE OO MIRO S555 Go SS cWinins bebe rnewewiewone 0.0320 7.14 
ee IED RIB R iiio oan wie soho sc.eiene soso es 0.1040 7.09 
PI ENR INIIN 5555 0 ip x1cle ousiooin's aan as seo seo ere 0 09 
ARTO MIR oo ovis: o5.050ic wo sswewse oe caaurs 0.0090 7.16 
RIERA 5.5. aa’ 9 6 0: sid ne sein eiswiose wees 0.0300 7.14 
PE noe fey bn ests ons 5a a eeu ene 0 7.28 
NS), Sa eee eae 0.0168 7.14 
Se REI SOO MURR os is 2s 9 00's 0's s:5)00:600'0's0's 0.0334 7.14 
a ee er ee eee 0 7.24 
ee ee re rere ee 0.0050 7.16 
STE oe eal ios Cag aiva aaises eee enle ni 0 7.86 
Se Coe eee oe 0.0220 7.14 
Water-glass very dilute, original...................... 0 alkaline 
Same, extracted until free from base.................+.. 0.0300 7.07 
NORE ek in a Giulia en ktaawa eee 0 7.76 
RE PRIEEE SIIRUBD gs scien one kbivae een sos ewes 0.0140 7.14 
Kahlbaum “silicic anhydride,” original................ 0 7.14 
Ny NP MRRGR so ok cons ac oi iasidin Siow aw ewediew's 0.5375 7.07 


A portion of this was tested by extracting with the current to find whether or 
not all base had been removed. The acid treatment was repeated as well as 
the testing until all base had been removed. The material was then dried and 
ignited until it showed no inverting action on cane sugar. (At this point there 
must have been pure silicic oxide free from base or any acid Substance.) This 
was suspended in dilute sodium hydroxide in a beaker, the electrodes allowed 
to dip in the solution, and the current passed. By this treatment, it was 
hoped that some of the silicic oxide would be changed to sodium silicate. 
After several days of this treatment, the whole was transferred to a U-tube 
and the base removed by action of the current as already described. The 
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residue was then found to invert cane sugar very strongly, the extract showing 
a neutral reaction. That it is possible to have an insoluble silicic acid which 
inverts cane sugar is proven, and it must be concluded from the above con- 
siderations, that the presence of such in acid soils is a strong possibility. 

Many attempts were made to prepare an “‘aluminic acid” in the same way, 
but without success. Such a substance, if it exists, does not invert cane sugar, 
and cannot be a factor in the inverting action of soils. 


HYDROUS OXIDES ON CANE SUGAR 


Lindet explained the inverting power of some metals as probably being due 
to the formation of hydrous oxides, which in some way liberated acid hydrogen. 
Copper, lead, tin, bismuth, aluminum and antimony were thus believed by 
him to cause inversion. 

Hydrous oxides of lead, copper, bismuth, alumium, zinc and iron have been 
prepared, unusual precautions being observed to preclude the possibility of 
having impurities of adsorbed acid or base present. None has been found to 
have inverting power. Oxides of iron and aluminum in soils, therefore, cannot 
be factors in catalyzing this reaction. 


INVERSION AND SELECTIVE ADSORPTION 


There are many examples in colloid chemistry of solid materials selectively 
adsorbing or removing from solution either the base or the acid part of a neutral 
salt, leaving the other in solution. This is explained, by postulating that the 
salt reacts with water in a greater or lesser degree, depending upon the 
“strength” of its constituents, forming basic hydroxide and free acid. Of 
course, there is always the tendency for these to unite again and the reaction 
to go in the opposite direction. Allowing M R to represent a salt in solution, 
the reaction would be: 


MR+HOH@MOH+HR 


Solid materials in contact with liquids are thought to bear electric charges 
at their surfaces. If the solid is negatively charged it will adsorb from salt 
solution the basic hydroxide, if positively charged, the acid will be removed. 
The supernatant liquid in the former case would be acid, and in the latter, 
alkaline. The removal of either base or acid would allow more salt to hydro- 
lyze, and this action would continue until such high concentrations of acid or 
base had accumulated that further action would be prevented. Soils, and in 
fact, most solids, in contact with water bear negative charges. If they are 
allowed to stand in contact with neutral salts, the base is removed, and the 
acid accumulates in the supernatant liquid. 

In systems where this absorbing effect is strong, the acid may be easily 
tested for by means of indicators, but where it is very slight and indicators 
fail, the inversion test should furnish a means for detecting the acid. 
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Experiment 11 


To 50-cc. portions of a 10 per cent cane sugar solution, containing also 7 
per cent of potassium chloride, were added various substances in amounts 
indicated, and digestions allowed to proceed at 83° to 85°C. for 3 hours. Simi- 
lar digestions were prepared except that no potassium chloride was present. 
The amount of sugar inverted per 50 cc, is recorded: 


SUGAR IN- SUGAR IN- 
SOLID PHASE AMOUNT VERTED; KCl VERTED; KC] 
NOT PRESENT PRESENT 
grams gram grams 

EMR PETE EES CELL Lee ore cob eek bkinaae 2 0 0.0226 

OU OSC ee cee ee eer 5 0 0.0173 

PURE MUO eS ine atic euen nica sunneveeie 1 0 0.0302 

ree te a an uGen cashews eeeses 5 0 0.0444 

EEE ees pc aie ain biviab on aaa 2 0 0.0943 

RO MIONG 5 os ee ke ssa 5 0 0.0948 

DEER PRMPREU MND Oo 50S Ole cis (aig oie Sasa eS wierd 5 0 0.0475 
MIE RUROINI ye oo. F054 Sate lnaeels Seas asieine 5 0 0 

IBC 2 oh an aoe wea bes 5 0.0358 0.1574 

DUNTUMD AE Seg ook Ro tele akan nm give awlels 5 0.3060 0.9180 

SRP ORE feist) Dewar eaee Ace sae SekeeaGw baae 5 0.0425 0.2599 

POM rs oe Gs uaauuusas eka nie Sosy 5 0.4713 0.8954 

ee 2 CE a 25 ce: 0.0792 1.1782 


These results show how it is possible to have inversion take place through the 
acid resulting after the selective adsorption by negatively-charged insoluble 
substances of the basic part of the neutral salt. In the following experiment 
a much lower concentration of salt is used, and the action of soils is recorded. 


Experiment 12 


Five grams of soil were added to 50-cc. portions of a 5 per cent cane sugar 
solution containing also 30 parts per million of potassium chloride. Di- 
gestions took place at 83° to 85°C. for 13 hours. At the same time checks were 
run with no potassium chloride present. Results are given in grams of sugar 
inverted per 50 cc.: 


SOIL NUMBER SUGAR INVERTED; KC] NOT PRESENT SUGAR INVERTED; KCl PRESENT 
gram gram 
1 0.2040 0.2414 
8 0.1020 0.1326 
9 0.0884 0.1210 
10 0.1054 0.1414 


In a similar manner, digestions were run in which 0.07 per cent of calcium 
sulfate was used instead of potassium chloride: 
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SOIL NUMBER SUGAR INVERTED; CaSQ1 NOT PRESENT} SUGAR INVERTED; CaSO« PRESENT 
gram ‘ gram 
1 0.2040 0.2528 
8 0.1020 0.1700 
9 0.0884 0.1326 
10 0.1054 0.1516 


The effect of the addition of 0.1 per cent of tricalcium phosphate was tested 
similarly. Soil A with no addition inverted 0.0405 gm. of cane sugar, with 
tricalcium phosphate added, 0.0450 gm.; soil B, similarly, 0.0485 and 0.0589 gm. 

Soils in contact with weak solutions of potassium chloride, calcium sulfate, 
or with tricalcium phosphate present, exhibit considerably greater inverting 
power than when alone, showing again a selective adsorption of base. Salts 
in such concentrations as these may always be found in soil solutions. It 
should be concluded, therefore, that inversion of cane sugar by soils may be 
due in part to the acid set free after the selective adsorption by the soil of base 
from any neutral salt that might be present. 

It is entirely probable that a part of that acidity obtained by the hydrogen 
electrode in contact with soil suspensions results from such a reaction as this. 
In such cases, this effect might be produced by the action of some slightly 
soluble salts of the soil, or, which would surely be the case if considerable care 
were not taken in carrying out such determinations, the neutral salt (KCl) 
in tubes used in making contact to the calomel electrode would diffuse to the 
region of the soil, and an acid would then be formed, either through selective 
adsorption as just described, or through a modification of this phenomenon— 
basic exchange (77). 


DISCUSSION 
Significance of the inverting power of soils 


In this paper it has been brought out that insoluble silicic acid and adsorbed 
acids, as well as soluble acids, may invert cane sugar. As it has never been 
proven that this reaction can be catalyzed by any other inert substance than 
acid, the inverting power of soils must be an indication of the actual acid there. 

Probably there has never been another method used in the study of soils 
that measures the relative amounts of ¢rueacid. A possible exception is the 
method suggested by Conner (26), which determines the saponification of 
ethyl acetate in contact with soils, though he did not prove that there were 
not other substances in soils than acid which could cause or aid this action. 
The determination of hydrogen-ion concentration by the hydrogen electrode 
in contact with a suspension of soil in water has been used by Saidel (80), 
Fischer (30), Gillespie (34), Sharp and Hoagland (83), and Plummer (72). 
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It is claimed for such results that they represent the “intensity of acidity” 
rather than the “quantity of acid” present (35). At any rate, it is evident 
that this “intensity of acidity” as measured by the hydrogen electrode can be 
only that which is in the solution phase, and that this acidity is not necessarily 
dependent upon that acidity which is bound up with the soil solid phase. 
Experiments 1, 4, 7 and 10 have shown that they are not dependent. Inteed, 
a soil may be of such nature as to yieldan alkaline solution to water, and still 
have acid properties. Similarly, the results obtained by Bovie (17) show that 
adsorbed acids are not detected by the hydrogen electrode. Therefore, 
acidity of soil extracts as determined by the hydrogen electrode cannot be a 
measure of that much larger acidity—that which does not pass into solution. 
On the other hand, the inverting power of soils is due chiefly to this acid— 
insoluble and adsorbed. 


Quantitative considerations 


Only in a general and comparative way may quantitative interpretations 
be placed on the results recorded in this paper. Quantities of cane sugar 
inverted by different soils under identical conditions are indicative of the 
relative amounts of the acids therein, but it would be impossible to draw con- 
clusions as to the absolute amounts of acid present, since, as is seen from 
experiment 4, the amount of sugar inverted varies with the amount of soil 
in contact—and yet not in direct ratio. However, some idea may be obtained 
of the acid equivalent of these soils by comparing their inverting powers with 
that of acid of known strength under identical conditions. The following 
shows the amount of sugar inverted by hydrochloric acid of different strengths. 
Fifty cubic centimeter portions of 10 per cent sucrose solutions containing 
acid of strengths indicated were heated for 13 hours at 85° to 87°C., and the 
amount of sugar inverted then determined: N/100 HCl, 1.815 gm. sucrose 
inverted; N/1000, 0.7141; N/5000, 0.2496; N/10,000, 0.1196; N/20,000, 0.0323; 
N/40,000, 0.0236; N/100,000, 0.0101. Comparing these figures with results 
obtained in experiment 1, it will be seen that 5 gm. of most of the acid soils 
effect greater inversion than is produced by N/20,000 acid which was found by 
Cameron and Breazeale (23) to be injurious to clover, and judging from the 
results of experiment 4 it is probable that all soils studied could be made to 
invert much more than this amount of cane sugar if larger quantities were used. 

It is, of course, not fair to conclude that the acid present in the soil mass, 
and producing the inverting effect, is as injurious to plants as such a soluble 
and highly ionized acid as hydrochloric acid. Yet it must be recognized that 
while soil acid itself is not in solution, such large amounts of this acid are often 
present as to be potentially equivalent to a soluble acid of too high concentration 
to permit satisfactory plant growth. Ii not having a direct injury on the plant, 
this insoluble acid must injuriously modify the character of the soil solution. 


INVERSION OF CANE SUGAR BY SOILS 349 


Adsorptive power 


While true insoluble acid may make for infertility, directly or indirectly, 
there are other properties that a soil may have that contribute to this condition, 
and may even be dominant. Many substances, including most soils when in 
contact with a solution containing a basic element, have the power of removing 
a part of that element from solution, and holding it more or less tenaciously 
against the leaching effects of water. Where the solid material contains acid, 
this action is due no doppt in part to it, but there are many examples recorded 
in the literature of colloid chemistry, where substances containing no acid 
exhibit this phenomenon as well. | 

This adsorptive force, distinct from the condition of acidity, has previously 
been recognized in soils. “Absorptiv ungesattigte” (74), and “negative acidity” 
(59) are terms aptly used to describe it. That there is not necessarily any 
relation between this force and acidity, is brought out especially in the be- 
havior of muck soils. When these are tested for inverting power, relatively 
little is found, yet it is well known how strongly this type of soils removes free 
base from alkaline solution. 

On account of the fact that base is found to be attracted and held through the 
adsorptive power of soils, and since such would be expected of an insoluble 
acid, it has sometimes erroneously been assumed that insoluble acid is the only 
cause. Some have calculated the amount of acid which would necessarily 
be present to unite with the same amount of base as they found soils to combine 
with (81, 92, 96). These figures run so high that it would be ridiculous to con- 
clude that such amounts of acid are really there. 

As to the nature of this adsorptive force, whether chemical or physical there 
has been much speculation (3, 8, 14, 18, 32, 94, 105 and others). However, 
recent views (6, 10, 38, 51) concerning valence and attraction between mole- 
cules would lead to the conclusion that there may be really no sharp dividing 
line between chemical union and adsorption, which is generally considered to 
be due to a physical attraction, all such combinations differing only in degree. 
With this conception, it should properly be considered that bases are held in 
soils in every possible degree from loose to strong combinations, the strongest 
corresponding with that which is found in chemical compounds, the weakest 
being merely adhesions to the surfaces of particles, easily broken. 


Amphoteric character of soils 


Very significant were the results obtained in experiments 1, 7, and 10, where 
soils showed inverting power, and at the same time the digestion extracts were 
found to be alkaline. Similarly, Hanley found some soils to have inverting 
power which contained calcium carbonate. There is no doubt, then, that a 
soil may contain an acid and at the same time enough base to neutralize this 
acid without this neutralization ever taking place. This phenomenon is related 
to the fact that acid soils have been found to neutralize acid solutions partially 
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when brought in contact (16, 61, 77).° Similarly it can be shown that the 
inverting power of a mixture of an acid solution in contact with an acid soil 
is much less than the sum of their inverting powers as obtained separately: 

Digestions were prepared of N/500 hydrochloric acid and 5 per cent cane 
sugar, with 5 gm. of different soils, and heated for two hours at about 85°C. 
Amountsof sugar inverted were: Soil A, 0.9248; Soil B, 1.0562; Soil C,0.7912 gm. 
The acid alone was found to be sufficient to invert 1.0084 gm. of sugar under the 
same conditions, while Soil A alone inverted 0.5542 gm. of sugar; Soil B, 0.3819; 
and Soil C, 0.3316. There was considerably less inversion by the mixtures 
than might have been expected from adding the inverting powers of the two. 
Loss for Soil A + acid was 0.6378 gm.; Soil B, 0.3341; Soil C, 0.5488. 

These facts would further show that true acidity in soil and the adsorptive 
process are separate and distinct, adsorbed bases in acid soils being capable of 
neutralizing soluble acid, and unless this is recognized soil behavior must seem 
paradoxical. Thus we would have a material which at once neutralizes an 
acid, apparently neutralizes a base when in contact with a base, and also inverts 
cane sugar. In this respect soils might be said to be amphoteric. Hundes- 
hagen (41) reached similar conclusions and applied this term in his work upon 
kaolin. 

Complexity of properties of the soil mass 


Owing to the complexity of the soil mass and the widely differing properties 
of its constituents, there may be found yet other contradictory results. One 
need only try out all the methods for “‘soil acidity” on a given set of soils to see 
clearly that a soil may be classified as of high acidity by one method and low 
by another. Basic exchange with neutral salts (27, 40), or with basic salts 
(44, 56); adsorption of base from a solution of base (5, 16, 97), or of dyes (48); 
decomposition of insoluble carbonates (93), or soluble carbonates (42, 60); 
liberation of iodine from a mixture of potassium iodide and potassium iodate 
(13, 36), or from a mixture of potassium iodide with potassium nitrate (55), 
or with potassium nitrite (27); saponification of ethyl acetate (26)—are phe- 
nomena which have been made use of in indicating the quantity of acidity 
in sOils, yet it cannot be said that these are all influenced by acid alone and 
no other factor; many soil properties or constituents are influential here. 
No doubt some of these phenomena are related, and as has been pointed out 
by one of us (77) and Kappan (47) there may be tendencies for equilibrium to 
be established between the various agencies effecting them, but there is no 
other reason why the different methods used in determining soil acidity should 
be expected to give parallel results. 

A given method for soil acidity cannot determine the fertility or infertility 
of a soil but can measure only that particular property upon which that method 
is based. While many recent publications have suggested this point of view 
(7, 31, 82), there are other cases where, if the investigator had realized this, 


5 Somewhat contradictory results were obtained by Spurway (90). 
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he might have more easily and perhaps more correctly explained his results. 
Thus, Parker (70) has recorded a number of experiments of adsorption by 
soils of base from solutions containing both sodium hydroxide and potassium 
chloride. He explained his results on the basis of a correlated action, while 
it is probable that base is adsorbed from each more or less independently of the 
other, being due to different constituents in the soil.6 Veitch and others 
(63, 98) point out that the organic part of soils has properties different from 
the mineral part, but this cannot be the whole story—both the organic and 
inorganic portions of soils must be thought of as made up of a large number of 
distinct substances, each with its individual properties, though of course often 
modified by the presence of the other constituents. Along this line have been 
a series of researches, first by Sjollema (84) pointing to the distinctive character 
of different soil constituents in removing dyes from solution. 

On the other hand, there is danger of inaccurate application of this idea. 
The distinctions between “immediate” and “continuous” lime requirement 
(60), also “active” and “latent” soil acidity (96), which were based upon the 
idea that soils were, indeed, complex and that some soil constituents reacted 
more quickly than others when in contact with solutions, could possibly be 
better explained as merely a case of some time being necessary for the com- 
plete reaction of a single constituent, or set of constituents of the soil, with the 
solution phase. It has been shown by a number of investigators (11,,22, 24, 
71) that in ordinary reactions between solutions and solid phases in contact, 
while the largest part of the reaction takes place at once, much longer time is 
required for a complete equilibrium. 


General relation of base to soil fertility 


If the amount of base present in the soilis relatively small, and the adsorp- 
tive power of the soil for that base is very strong, which conditions usually go 
together, then the soil will be found to be infertile; those elements, especially 
the bases, which are necessary for plant growth are so tenaciously held by the 
soil mass that the plant is deprived of nourishment. Such a soil will absorb 
base from solutions of bases or salts, will decompose carbonates, redden litmus 
paper, and may still contain no acid, though it usually does contain some, as 
was shown in the foregoing experiments. Barring secondary effects, and in 
general, the addition of any mono- or di-valent base? will improve a soil of this 
nature. Most soils contain much more of every element than is necessary 
for growing several crops, but if the total base present is insufficient to satisfy 
this excessive adsorbing power, these elements are held out from the soil 
solution as already described. On the other hand, if any strong base is added 


In this connection, see also Osugi and Uetsuki (68). 
Mono- and di-valent bases are specified since, as will be mentioned again later, iron 
and aluminum 4ct differently, even injuriously. See also Daikuhara (27). 


ORE ARES MTS eS 


352 F. E. RICE AND S. OSUGI 


there is a tendency for other bases to be liberated. This is the basis for the 
common practice of the use of soil aniendments.® 

The situation with respect to bases, however, is by no means as simple as 
the above discussion might imply. Aluminum and iron are bases truly enough, 
yet their presence in soil solution is undesirable,® magnesium in large amounts 
may be toxic (12); excess of an alkali metal may cause an unfavorable physical 
condition, as witnessed in soils where large amounts of nitrate of soda had been 
applied, and an accumulation of the corresponding carbonate resulted; it is 
possible that there may be particular quantitative ratios between bases that 
are harmful (54); there have been recorded a few instances where soils are 
saturated with one base and yet basically deficient with respect to another 
(61). Neither should it be concluded that all soil infertility is to be attributed 
to an unsuitable condition among the basic constituents: Toxic organic com- 
pounds are often present (87); soils may be of such poor physical character 
as to hinder plant growth and nourishment; as is seen in alkali soils, an excess 
of any soluble salt renders the soil unfit for plants; also, under peculiar con- 
ditions soluble acid in unusual and injurious amounts must be admitted (31). 
Yet, for all ordinary crops, the base, lime, in even excessive quantities causes 
no injury, and it is found that most of the above-mentioned causes of infertil- 
ity are ameliorated by an application of lime. 

The behavior of iron and aluminum in soils especially forms an interesting 
chapter. These elements may be soluble in water alone (1, 78), or become 
soluble through an exchange with bases from fertilizer salts (27 63, 79). 
While iron and aluminum are present in soil particles in larger proportions than 
any of the other bases, they seem not to become active unless the other bases 
reach a relatively low figure, and may be placed in such a condition that they 
cannot influence the soil solution in any way if other (stronger) bases are 
plentifully supplied (63, 77, 79, 82, 90). As suggested by Daikuhara, a soil 
is never really basically “‘adsorptiv ungesattig” if iron and aluminum be con- 
sidered as bases. In the event that stronger bases are in low proportions, iron 
and aluminum may then be free to exert their influence which is injurious in 
many ways: (a) as already mentioned, their ions are toxic to plants, (b) if 
they are present in solution as salts of strong acids, these hydrolyze, producing 
acid, and (c) in the event that other bases are not plentiful, phosphates may 
revert to iron and aluminum phosphates, in which condition phosphoric acid 
is most insoluble, and possibility non-available to plants (91, 104) Hence, a 
liberal application of a base, such as lime, in addition to preventing the solu- 
bility of iron and aluminum, also furnishes a base with which the phosphoric 
acid may combine, and remain in a comparatively soluble condition. 


* While this is true in general, some cases have been reported where it does not seem to 
hold. See Lyon and Bizzell (58) and Briggs and Breazeale (19). 
* For a review of the literature on this subject see Miyake (62). 
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“Acidity” is the term always applied when an infertile soil is made more 
fertile by the application of lime, but we must recognize that acid is only one 
of the factors causing this condition, and possibly even a minor one. 


A method for the determination of relative soil acidity 


Probably the only method ever developed for the determination of the true 
acidity of a soil depends upon the measurement of its catalytic activity upon 
the reaction of inversion of cane sugar. Acidity as here characterized is that 
which is due to soluble and insoluble acids. This is not acidity as it is ordina- 
rily understood in soil literature and it is only one of the factors contributing ° 
toward that undesirable condition of soils found to be improved by the use of 
lime. Comparative measurements of true acidity of soi!s may be of value in 
some cases, when the following procedure is recommended: 5 to 10 gm. of 
soil is added to 50 cc. of a 5 per cent solution of cane sugar, the whole digested 
on a water bath at 80° to 87°C., from 13 to 3 hours. The amount of sugar 
inverted is determined in the filtrate by the very delicate titrating method 
suggested by Cole (25). 

SUMMARY 


It has been shown that soils of many kinds and other insoluble materials 
can be made to invert sucrose; with soils this power is a property of the mineral 
portion as well as of the organic matter. 

That this effect is due to acid cannot be doubted. This acid may be found 
in four different forms: (a) A slight quantity in a few soils is soluble in the 
sugar solution. However, the principal portion is bound to the soil particles; 
this may be in the nature of (b) acids which would otherwise be easily soluble, 
but are here strongly adsorbed on the soil particle surfaces, or (c) it may be 
of the nature of an insoluble acid such as silicic acid. Also, (d) a neutral 
salt present in the soil solution in even small quantities may be broken down 
while in contact with the soil mass, the basic part being more strongly adsorbed 
than the acid, when the latter is left free to exert its characteristic influence in 
inverting cane sugar. 

That the inverting activity of soils is chiefly a property of the insoluble 
part was indicated in several ways. (a) Many soils showed inverting action 
on sugar in a solution which remained neutral after contact with the soil, or, 
in some instances, became alkaline. Also, similarly, when soil was allowed to 
adsorb some base, then digested with cane sugar solution, it showed inverting 
action, and also yielded up sufficient base to make the extract distinctly alka- 
line. (b) No inverting power, or very little, indeed, was found in water 
extracts from soils. (c) Inversion did not continue in sugar extracts after 
soils were removed. (d) Inversion increases with increasing amounts of 
soil in contact with the sugar solution, while there is no measurable change in 
hydrogen-ion concentration in the extract. (e) Greater inversion is produced 
by shaking soils with sugar solutions, than by allowing the mixtures to stand 
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quietly. (f) Long continued and repeated extractions of soils with water 
and with cane sugar solution did not greatly reduce their inverting power. 

Fuller’s earth, cotton, charcoal and other substances which have been 
described as similar to acid soils were found not to invert cane sugar. 

Otherwise soluble acids so strongly adsorbed by solids as not to be removed 
by washing in any measurable quantity, will yet invert sugar in such condition. 

Silicate minerals may be given inverting power by treating suspensions with 
direct current. Base is split off, passing into solution and to the cathode, and 
silicic acid remains with the mass, insoluble. Soil acidity is increased by a 
similar treatment of soils. 

Contrary to previous conclusions, hydrous oxides of lead, copper, bismuth, 
aluminum, iron and zinc were not found to have any inverting power. 

Many suspended substances having no inverting power alone, were found 
to produce inversion when a neutral salt was present, through selective ad- 
sorption of the base, thus setting a small amount of acid free. 

“Soil acidity” is the term customarily applied when infertility of soil can be 
corrected by the use of a free base such as lime. There are many factors in- 
volved in causing this condition in soils, the presence of real acid being only 
one of them. Methods used for detecting or determining “‘soil acidity” 
generally do not measure the acid there but may depend upon many properties 
of soil mass in no way related to acidity. The power of a soil to catalyze the 
reaction of cane sugar inversion is a measure of its acid, and is probably the 
only method which can measure the acid bound up with the soil solid phase. 
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The purpose of the experiments reported here was to determine the physio- 
logical activity of certain molds when inoculated into sterile soil. It was 
hoped that such an investigation would throw some light on the question as 
to whether molds are active in soils and if they are, as to some of the products, 
chiefly carbon dioxide, of their life processes. Because of the excellent bibliog- 
raphy of the subject published recently by Waksman (2) we shall not go into 
the historical phase of the subject in detail here. In a review of the evidence 
and in consideration of results carried out in his laboratories, as to whether 
molds are present in soils in active form or not, Brown (1) shows that there is 
little to lead one to believe that molds are not active in soils. In this same 
paper, a brief review of the physiological activities of molds in soil, and their 
important bearing upon soil fertility, is also given. 

Practically all of the work which has been done on the physiological activi- 
ties of molds in soils has been carried out by using a sterile medium, usually 
soil, to which has been added some material, such as dried blood, in the case 
of a measurement of ammonification, and then inoculating with pure cultures 
of a mold or molds, the product sought being determined at the end of a 
certain period. There are two well recognized points of weakness in this 
procedure. First, sterilizing radically changes the soil, rendering plant-food 
and other material more soluble. Second, the addition of the large amounts 
of material (dried blood) makes the medium still further unlike typical soil 
conditions. The method which we used eliminated the second objection only. 
No method has yet been developed to render the soil sterile, and not radically 
alter its composition. In the last series of experiments reported in this paper, 
some progress was made in the solution of this problem. 


EXPERIMENTAL 


All the experiments were conducted with the apparatus shown in figure 1. 
Plate 1 gives the reproduction of a photograph of the whole arrangement of 
apparatus. 

Experiment I 


In this and the succeeding experiments, a clay loam soil with a lime require- 
ment, by the Veitch method, of 1540 pounds of calcium carbonate per acre of 
359 
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2,000,000 pounds was used. After obtaining the soil from the field, it was 
partially air-dried, put through a }-inch sieve, and then completely air-dried 
and thoroughly mixed. . 

For Experiment I, 340-gm. (3-pound) portions were weighed into 24 Erlen- 
meyer flasks, fitted with rubber stoppers and connecting tubes as shown in 
figure 1. The rubber stoppers were lifted about 3 inch out of the flasks and a 
large wad of cotton wrapped around the stoppers and tops of the flasks. The 
cotton was held in place by tying with string. The 24 flasks were then steril- 
ized in the autoclave by steam at 10 pounds pressure for 33 hours, threeseparate 
times, with 48-hour periods intervening between the autoclave treatments. 
After sterilization was complete the 24 flasks were placed in position, the cot- 
ton wads carefully removed and the rubber stopper placed in position. The 
cotton plugs in the ends of the glass tubes protected the flask and contents 
from contamination. The flasks were then inoculated as follows. The molds 
were isolated from this soil by means of successive plating on beerwort agar. 
After pure cultures were obtained, each culture was inoculated upon a thin 
layer of beerwort agar in a 500-cc. Erlenmeyer flask. After the cultures thus 
obtained had fruited well 300 cc. of sterile water was added and then a 75-cc. 
portion from the suspension of each mold was transferred under sterile con- 
ditions to each of two flasks of the sterile soil. Fifteen cubic centimeters of 
sterile dextrose solution was added to the remaining 150 cc. of water in the 
flasks containing the pure mold cultures. The dextrose solution was of such 
a strength that the solution in the culture flasks was made exactly 1 per cent 
dextrose. Seventy-five cubic centimeter portions were then transferred 
under sterile conditions to two more flasks of sterile soil. Before lifting the 
rubber stoppers from the flasks to add the inoculating liquid the stopper and 
the top of the flasks were swabbed with an alcohol-water (1-1) solution of 
mercuric chloride. The proper connections were then made in the apparatus 
and the air current was turned on. The inoculations were made January 25, 
1916, and the air was run continuously over the soil until March 9, 1916. 
The carbon dioxide evolved was determined by titrations at intervals shown 
in table 1. 

After the completion of the experiment, soils from the flasks were plated 
out on beerwort agar to test the purity of the cultures. This was done as 
follows. The flask was disconnected from the apparatus with the rubber 
stopper and entrance and exit tubes with the cotton plugs still securely fixed. 
The flask was then shaken violently. This left several grams of the soil ad- 
hering to the glass tube projecting below the rubber stopper. The tube with 
the soil was dipped into sterile water contained in a flask, whereupon most of 
the soil fell from the tube. Inoculations upon the plates of beerwort agar 
were made in the usual way. The results are found in table 1. 

In table 1 will be found the amounts of carbon given off from the various 
soils as carbon dioxide. The total carbon also has been computed and ap- 
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pears in the last two columns of the table. The results obtained by plating 
out the soils also are given in the table. 

It is seen that all the culture experiments involving the Mucor Rhizopus 
were found to be pure at the completion of the experiment. The two Asper- 
gillus inoculated soils numbered 9 and 10, upon plating out were found to 
develop nothing but Trichoderma colonies. Since soils 11 and 12 remained 
pure with respect to the colonies of Aspergillus, it is quite certain that the 
inoculating culture was pure Aspergillus. There is nothing to indicate at 
what stage of the experiment contamination took place. Sterilization might 
not have been complete, although that is not probable. Contamination might 
have taken place during the inoculation or during the passing of the air over 
the soils or finally during plating. 

All the Trichoderma inoculated soils remained uncontaminated, with the 
possible exception of no. 13. Upon plating this soil, one plate was found to 
develop nothing but Trichoderma colonies, another plate Trichoderma with a 
single colony of a Rhizopus, and the third plate mainly Trichoderma with a 
single colony of Aspergillus. Soils 17 and 18 were found uncontaminated, 
soil 19 showed mainly Rhizopus on the plates. No. 20 upon plating, gave one 
plate of pure Chetomiun colonies, another mainly Chetomium and a single 
Rhizopus colony, and the third mainly Chetomium with a single Aspergillus 
colony. Here, as with soil 13, it seems probable that the contamination 
was brought about during the plating. 

The results obtained on the evolution of carbon, as carbon dioxide, will be 
discussed now. To facilitate comparison, the average amounts of carbon 
given per day for each period have been computed, and the results so obtained 
have been plotted, and appear in figure 2. Only the results for the soils with 
no dextrose have been plotted. 

Perhaps the most noteworthy thing to be observed is the very rapid increase 
in the amount of carbon dioxide given off during the second and third day, 
and the fourth day. In every case, except the Chetomium cultures, there was 
a decrease on the fifth and sixth days. From the manner of inoculation, very 
great numbers of spores were added to the soils, and the rapid increase in 
amount of carbon dioxide evolved is no doubt due to the development of these 
spores. It has been found (3) that spore formation of fungi is accompanied 
or closely followed by a development of !arge amounts of ammonia. Probably 
there is also a development of a correspondingly large amount of carbon dioxide 
and our data might be taken to prove that, but there are other factors which 
enter in, which may have more influence. Sterilization of soil renders organic 
matter, and other nutrient material, more soluble, and therefore on the addi- 
tion of large numbers of fungi spores, they immediately find a suitable medium 
for growth, hence they all develop vigorously. Later this nutrient medium 
becomes partially exhausted. It is seen from figure 2 that on the eleventh day 
two of the fungi, Aspergillus and Rhizopus, give an increased amount of carbon 
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over the previous period, while all of them give increased amounts during the 
period from the fourteenth to the seventeenth. This experiment which was 
carried out previous to the publication in regard to sporulation and ammonia 


RhiS@pus---- 


re. Niger—+ 
ee — — 
OMLUM <n} 


emyl sion 4 


® 
oO 


ee 
°o 


be) 
Ss 


Pounds of carbon per acre 


30 


Fic. 2. D1acraAm SHOWING AMOUNTS oF CARBON PRODUCED IN EXPERIMENT I 


production (4), was subjected to the changing temperature of the laboratory, 
and hence many of the fluctuations observed were no doubt due to this factor. 
In general, the most valuable conclusion to be drawn from a consideration of 
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these results, as they appear in the table and in the curve, is that in some cases 
the fungi gave off more carbon than the soils inoculated with soil emulsion. 
In other cases, l.ss is given, but in general the order of magnitude of the 
amounts is the same. More in regard to the significance of this will be said 
later. 

The results for the soils to which dextrose was added, are in general similar 
to the results for the soil alone, except for the larger amounts of carbon given 
off. When the experiment was planned, it was not known whether or not the 
soil alone would support sufficient mold growth to give appreciable amounts of 
carbon dioxide, and this was the reason for using the dextrose. 

At the end of the experiment, the soils were immediately air-dried, and later 
were analyzed for nitrate, ammonia, and soluble non-protein nitrogen. 

Since the publication of the investigation which resulted in the proposal of 
the method for soluble non-protein nitrogen of soil (2), we have found that 
practically all of the nitrogen which is extracted by the 1 per cent acid belongs 
to this class of compounds. For example, in an examination of several soils, 
from 96 to 100 per cent of the nitrogen in the acid extract was not precipitated 
by 2.5 per cent trichloracetic acid. Therefore, the nitrogen extracted by the 
1 per cent acid is always included in the soluble non-protein nitrogen group of 
compounds. 

It should be stated that all results published by us on the soluble non- 
protein nitrogen except those in the original communication, have included in 
them the nitrogen of the acid extract. The value of the results in the original 
paper are in no way impaired by their incompleteness in this respect. A 
paper amplifying our first communication on soluble non-protein nitrogen is 
in course of preparation. 

The results of these determinations are given in table 2. 

The sterilized soil contained 0.895 per cent of the total nitrogen as nitrate 
nitrogen. The mold-inoculated soils in every case contained less nitrate 
nitrogen, and the dextrose-treated soils usually less than the corresponding 
untreated soil. These facts are in harmony with the findings of others, namely, 
that molds may reduce or utilize nitrates, and that so far no molds have been 
found which bring about nitrification. It is seen that there was a considerable 
accumulation of nitrates in the soil-emulsion-inoculated soils, except of course 
in the dextrose-treated flasks. 

In the sterilized soil, 3.01 per cent of the soil nitrogen was present as ammonia. 
In the soils treated with the Rhizopus and the Chetomium, this amount was 
increased, while with the other molds, and the soil emulsion the ammonia was 
decreased. This decrease should not be interpreted as meaning that fungi 
might actually use more ammonia in the field than they would cause to be 
formed. The conditions would be quite different if nitrifying organisms were 
present to utilize the ammonia as it was produced. Higher plants would in 
some cases also function similarly. The reason for the great reduction in the 
amount of ammonia in the dextrose soils, is no doubt due to the greatly en- 
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hanced growth of the molds, which causes them to utilize a larger proportion 
of more easily available nitrogen present. Another factor should be taken 
into consideration in regard to the dextrose-treated soils. Undoubtedly there 
was a great initial increase in acidity from its decomposition and this would 
tend to make the growth and metabolism of the molds quite different from 
what would otherwise be the case. 

TABLE 2 


Nitrate, ammonia, and soluble non-protein nitrogen in the sterilized and unsterilized soil and in 
the sterilized inoculated soil after the completion of the experiment 


PER CENT OF TOTAL NITROGEN 
NUMBER TREATMENT 
Nitrate Ammonia a 
Original soil... .. 0.325 0.60 14.45 
Original soil... .. RRNA OS ci ces Ska seh Ceara a aiemerels 0.895 3.01 22.8 
1,2 MND oe Whee ete shud bo ea Wises wie wi wre 0.67 YTB iff 23.8 
3,4 EPORINC TOOT 5 5 oan ca eked nino 0.68 1.57 22.2 
3,0 ECS ES ets Ss ey eee 0.59 3.08 229 
7,8 Dextrose, Rhizopus............ Ree aries 0.29 0.70 18.0 
9, 10 Pe MRD oe a eS a oa bye, a bS Xa 0.44 1.54 21.6 
11, 12 Dextrose, Aspergillus... .< 250.6. 000% 0.39 1.30 20.4 
13, 14 MURSNUMERR oes tse xSahaw os Sacars 0.54 2.58 21.0 
15, 16 Dextrose, Trichoderma. .............5.. 0.32 0.45 19.2 
17, 18 PR PUMNNED eos ie oi shaw Re ea eae 0.65 3.64 24:9 
19, 20 Dextrose, MMLOMIIMN. 55 6.5 520005 ee 0.41 1.26 19.6 
21, 22 SEMIN ose ownage ae ws ss aus 2.98 2.56 18.9 
23, 24 Dextrose soil emulsion................. 0.74 2.25 19.3 


The sterilized soil contained 22.8 per cent of its nitrogen as soluble non- 
protein nitrogen. There was a slight increase in the amount caused by the 
Mucor and Rhizopus, while all the other fungi caused decreases. The greater 
the amount of the soluble non-protein nitrogen present, the less, of course, 
the amount of complex protein compounds, and therefore of soluble non- 
protein nitrogen present in this experiment will give an indication as to the 
amount of protein material synthesized or broken down. It is probably 
significant that those molds which give off the greater amount of carbon have 
apparently caused the synthesis of greater amounts of protein material. It 
is also seen that the soils treated with dextrose have in every case synthesized 
more protein material than their corresponding untreated soil. The reverse 
is true in the soil-emulsion-inoculated soils. In these soils bacterial action 
plays, no doubt, a large part. The synthesis of more protein complexes in the 
soil-emulsion-inoculated soils is to be explained by the fact that there are a 
multiplicity of varieties of organisms active in these soils. 


Experiment IT 


In this experiment exactly the same arrangement of apparatus was used as 
in the previous experiment. The same fungi were used. Instead of employ- 
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ing dextrose, however, lime was used. This soil, as stated above, had a lime 
requirement by the Veitch method of 1540 pounds of calcium carbonate per 
acre. In order to make sure that sufficient lime should be added to the soils 
to render them basic, pound of the dry soil was mixed, with sufficient lime 
to give in one case an excess of § ton and in the other of 1.6 tons, per acre. 
The soils were then heated in the autoclave 3 hours per day on three alternate 
days, and they were then tested with litmus paper. Since there was some 
question as to whether the soils receiving § ton of lime in excess were alkaline, 
it was decided to use 1.6 tons of excess lime. 

Twenty-four flasks were prepared as in Experiment I. To 12 flasks, lime 
in the amount indicated above was added, and the 24 flasks were sterilized 
simultaneously by heating 3 hours in the autoclave at 10 pounds pressure 
on three alternate days. After sterilization of the soils, the flasks were con- 
nected with the remainder of the apparatus, and 50 cc. of sterile water was 
added to each flask. Inoculation was not made until 15 days after this, air 
being forced over the soil, and into the alkali towers. This procedure was 
followed in order to make sure that sterilization was complete. The amount 
of carbon evolved in this preliminary period is given in table 3. On the 
fifteenth day, inoculation was made as before, except that only 20 cc. of the 
inoculum was used. This gave a final moisture content of the soil about the 
same as that of the previous experiment. Through anoversight, the soils were 
not plated out at the completion of the experiment; therefore, we cannot be 
certain that the cultures remained pure through the course of the experiment. 
It is thought that pure cultures remained in all the soils, for the following rea- 
sons. Table 3 shows that from the eleventh to the fourteenth day, of the 14- 
day period previous to inoculating the soils, no carbon was evolved from the 
unlimed soils. The amounts given during the first twelve days must have 
come from carbon dioxide held in the soil atmosphere and soil solution. The 
carbon dioxide, no doubt, came from the action of the heat on the soil organic 
matter. If any organisms had been present they soon would have multiplied 
enormously with a consequent rise in carbon-dioxide production. It is seen 
that some carbon dioxide was still being evolved from the limed soils during 
the last four days of the preliminary period, but only a small amount when 
compared with that given during the first 12-day period. Therefore, in the 
case of the limed soils, it seems safe to conclude that sterilization was complete. 
Successive platings of the inoculating cultures of molds invariably showed 
them to be pure. In all cases in this experiment, and the previous one on those 
soils inoculated with molds, the growth appeared on the surface of the soil a few 
days afterinoculation. In the previousexperimenton thesoils where the molds 
remained pure throughout the experiment, no evidence of a foreign growth 
was ever seen, while in the few cases where the plating showed the presence of 
invading organisms, this was evident by a superficial examination of the soil 
during the course of the experiment. In this second experiment, the soil al- 
ways showed evidence of the mold with which it had been inoculated, and in 
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no case was a foreign mold growth apparent. 
proof in regard to molds and no proof at all in a consideration of bacteria. 
However, it would seem probable that if foreign molds were kept out, bacteria 
would be also. 
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The amounts of carbon dioxide given from the various soils are set forth 
in table 3. The average amount evolved per day for each period has been 
computed, and the results so obtained were used in plotting the graphs in 
figures 3 and 4. 
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Of course, this is not absolute 
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From the figures given in the last two columns of table 3 it is seen that the 
duplicates did not check very well in some cases, particularly for soils 7 and 8, 
and 19 and 20. No explanation of these discrepancies is apparent although 
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it is to be noted that almost invariably the unlimed soils have given more 
closely-agreeing duplicates than the limed. This might have been due to 
a difference in the amount of the lime decomposed by the heat treatment. 
Unfortunately, the ‘soils were not analyzed for residual lime after the 
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Keeping in mind the variations noted, it is seen that not much difference 
is to be noted in the amounts of carbon evolved from the limed and the un- 
limed soils. It is generally conceded that molds are more active in acid media 
than in neutral or alkaline media, yet this experiment does not seem to confirm 
it. The soil used had only a rather low lime requirement, so that possibly the 
hydrogen-ion concentration was not much different in the acid and in the 
limed soils. It is also seen that there is not much difference in the amount of 
carbon given from the limed and unlimed infusion-inoculated soils. . In 
figures 3 and 4 the average daily results for the evolved carbon have been plot- 

TABLE 4 


Nitrate, ammonia and soluble non-protein nitrogen in the sterilized and unsterilized soil and in 
the sterilized inoculated soil after the completion of the experiment 


PER CENT OF TOTAL NITROGEN 
NUMBER TREATMENT | 
Nitrate Ammonia — 
Original........ 0.325 0.60 14.45 
Ontingl, << 354% PE RANEZ ON osc ars ais Da ose 0.895 3.01 22.8 
1,2 WE CO inc oats. s ses cicne Sak cee were e eis 0.53 4.74 2178 
3,4 LOS PES CRD 5c) apa ee 0.53 4.65 21.8 
5,6 LED 7012): CEE ee ee re arr 0.51 4.08 22.8 
7,8 EMO WIROIZO PUB eo a. fo ea sad s wislecscele 0.54 3.90 21.6 
9, 10 WCE CTV LIT So et Ree en Ea 0.24 3.22 v4 ee | 
11, 12 DAME, ABPEISINUS ss. os. 0:2 sia wince wis 0.28 2.92 20.6 
13, 14 UPRICHOOGIMNAS 5 eid ec dled 2 ee aes 0.26 1.90 19.9 
15; 16 PANES TTICHOGCHMNG, 6.25. 5-6..3 5 sce oe xe 0.26 3.18 20.2 
17, 18 KC Hasterate a ont sieioys ates. c oe eictesomaews 0.46 4.64 21.9 
19, 20 TAME AC DMBCONMUNT «6.0 oa. os se aa so 0.51 4.02 20.4 
24 22 SOIMCHEGIENON GC al.5.<55.<-arsiccceeace one Poco 0.61 5.30 19.6 
23, 24 DUO SOME MUIBION 6 <:.:5.< 0/0 o.0o05.0's 245 08s 4.52 2.08 14.9 


ted. The course of the mold activity can be followed very easily by astudy of 
these curves. 

The results for the determination of nitrate, ammonia, and non-protein 
nitrogen are given in table 4. Considering the results for nitrates, first, it is 
seen that in the mold-inoculated soils in every case, there is a diminution in 
nitrates, with the lime having no apparent effect. The soil-emulsion-inocu- 
lated and limed soils gave a considerable increase in nitrate nitrogen. There 
were some rather marked changes in the ammonia content of the soils. In 
only one case, that of the soil inoculated with Trichoderma, is there any con- 
siderable difference between the limed and unlimed soils, the latter having 
less ammonia than the limed soil. In the case of the soil-infusion-inoculated 
soils, no doubt the smaller amount of ammonia in the limed than in the un- 
limed soils is due to the greater nitrification in the former soils. The soluble 
non-protein nitrogen does not show any consistent changes except in case of 
the soil-emulsion-inoculated soils. 
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Experiment III 


A different plan oi sterilizing the soil was used in this experiment than in the 
preceding. It was thought that possibly sterilizing the soil with flowing steam 
in the Arnold sterilizer would be as effective as heating in the autoclave, and 
that less change would be brought about in the soil. In order to determine 
the number of times it was necessary to heat the soils in the Arnold sterilizer 
to bring about complete sterilization, the following preliminary experiment 
was carried out. 

Several 500-cc. Florence flasks were prepared, each containing 1 pound of 
the air-dry soil, to which had been added 25 per cent of water, and then stop- 
pered with cotton. It was found by experiment that it took about 40 minutes’ 
heating in the sterilizer to bring the temperature in the center of the soilin the 
flask to that of boiling, namely, about 99°. Therefore, several of the flasks 
prepared as above were placed in the Arnold sterilizer, and heated for 1 hour 
and 40 minutes. This was repeated every alternate day until six heat treat- 
ments had been applied. Two of the flasks were then removed and allowed 
to stand at room temperature for one week, when the flasks were shaken, a 
few grams of the soil transferred to sterile water, and plates poured. Flasks 
receiving 7, 8 and 9 heat applications were treated in the same way with the 
following results: 


DENMNES DSi ae yes sh oeseas ak ewensesuce 5 contaminated plates, 3 sterile 
NMR MIRC SG sii iach aia cn eas k cee sae 1 contaminated plate, 7 sterile 
ee ee err ae .....No contaminated plate, 8 sterile 
PRP RMNONED Sis wa cisisn odie shames ea osama No contaminated plate, 9 sterile 


It is seen that the soils heated 8 or 9 times in the sterilizer are undoubtedly 
sterile. Therefore, it was decided to heat the soils 9 times in the Arnold 
sterilizer. Twelve flasks were prepared, each containing 1 pound of the air- 
dry soil, and to six of these sufficient lime was added to give a treatment of 
4tonsperacre. Twenty-five per cent of water was added, and rubber stoppers 
inserted bearing delivery tubes exactly as in the two preceding experiments. 
The flasks were then sterilized as indicated above. 

Twelve of the flasks, of which six were limed, were then set up in much the 
same way as in the preceding experiment, except that the flasks were all placed 
in a water bath. It was originally planned to regulate the temperature, but 
after a few days, the mechanism failed. The water, however, served to keep 
the temperature of all the flasks alike. The inoculations were made as pre- 
viously. The treatments, plating and carbon results are given in table 5. 

It is seen that those flasks which had been inoculated with the Rhizopus 
were all contaminated with a Penicillium organism. The two unlimed soils 
were only slightly contaminated, while the two limed apparently were infected 
predominately with Penicillium. Although the inoculating cultures gave no 
indication of being impure, yet the conclusion seems rather clear that the 
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noculum was the cause of the contamination. Soil 3 became contaminated 
on the ninth day, as a result of the stopper of the flasks coming out. Flasks 
8 and 12 were broken during the course of the experiment. 

The results for the carbon-dioxide determinations are not markedly different 
from those of the preceding experiment. Because of contamination, no con- 
clusion can be drawn from soils 1 to 4. The limed soils inoculated with 
Aspergillus niger gave off more carbon dioxide than the unlimed, but unquestion- 
ably part of the increase was due to carbon dioxide in the soil water freed from 
the lime. This is indicated by the fact that considerable carbon dioxide was 
given from the limed soils before inoculation. Also, the excess carbon dioxide 
given from the limed soils at the end of the first day after inoculation must not 


TABLE 6 


Nitrate, ammonia and soluble non-protein nitrogen in the sterilized and unsterilized soils and in 
the sterilized inoculated soils after the completion of the experiment 


PER CENT OF TOTAL NITROGEN 
NUMBER TREATMENT 
Nitrate | Ammonia a” 
Onmeinel........ : 0.325 0.60 14.45 
Original........ SULTS OR es ae en 0.24 2.15 21.9 
(Orpnal........ Rane ete oon bse ods occa de os 0.27 3.18 19.9 
ae ee, 0.22 2.51 
4 BRINE RNB che 5 ae bisiskwisin ea eoun 0.27 3.64 
5,6 PO 2 a 0.21 ead 
7 SPINE BURNIE os cts wea Sas eewwace 0.22 4.04 
9, 10 ARRRE UMNO as Soo nGis hie nine ewea ed 0.25 3.18 
11 PIRA RIISEIN SS ic Secs Ke ameeew cease 1.36 2:51 


have been due to increased organic activity, but rather to the carbon dioxide 
in the soil atmosphere and moisture. The limed soils, both the uninoculated 
and the inoculated, were analyzed for residual carbonate, but practically none 
was found. Therefore, the heat treatment caused all the calcium carbonate 
to be decomposed, and no doubt considerable excess carbon dioxide was left 
in the soil water and atmosphere. 

In table 6 the nitrate, ammonia, and non-protein nitrogen results for the 
sterilized and unsterilized soils are given, together with the nitrate and am- 
monia results for the inoculated soils. 

Comparing the results on the sterilized uninoculated soils given in table 6 
with the corresponding results for the same soil in table 4, it is seen that the 
sterilizing in the Arnold sterilizer had but little less effect on the nitrogenous 
compounds than did autoclave treatment. The nitrate was considerably 
less changed, the ammonia not much different, nor was the soluble non-protein 
nitrogen changed toa much less extent. Evidently, the long continued treat- 
ment at the temperature of boiling has about the same effect as the shorter 
but higher temperature treatment in the autoclave. It is thought that possibly 
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complete sterilization could be effected by a considerably less number of treat- 
ments in the Arnold sterilizer than the nine to which we subjected our soils. 

The results for the nitrate and ammonia nitrogen in the inoculated soils 
are about the same in a general way as those for the preceding experiment, 
and will not be discussed further. 


SUMMARY AND CONCLUSIONS 


The results of the experiments reported in this paper do not give a definite 
answer to the question as to whether molds are active in normal soils or not. 
Nevertheless, the fact that in some cases more, and in all cases nearly as much, 
carbon dioxide is evolved from sterilized soils inoculated with molds and from 
sterilized soils inoculated with soil emulsion, seems indicative that they may 
be. Of course, in sterilized soils conditions are quite different from those in 
normal soils. More plant-food and other materials are in a soluble state, a 
condition which is known to favor mold growth. However, it hardly seems 
probable that sterilization would change the soil from a medium absolutely 
unsuited to mold growth to a medium supporting molds to an extent equal 
or nearly equal to the support of the whole soil flora. 

The definite conclusions to be drawn from this investigation are as follows: 

1. Typical soil molds when inoculated into sterilized soil grow with a vigor 
equal to or nearly equal to the growth induced by an inoculation with the 
entire soil flora, the evolution of carbon dioxide being the measure of the vigor 
of growth. 

2. Calcium carbonate in this soil causes no marked increase or decrease in 
the growth of molds as measured by the evolution of carbon dioxide. 

3. Sterilization in the autoclave increased the nitrate, ammonia, and soluble 
non-protein nitrogen. 

4. Sterilization in the Arnold sterilizer increased the ammonia and soluble 
non-protein nitrogen to a less extent than did sterilization in the autoclave. 
The amount of nitrate was decreased by treatment in the Arnold sterilizer. 

5. Molds in all cases caused a diminution in the amount of nitrates. Am- 
monia was not much changed in amount. In nearly every case there was a 
decrease in the amounts of soluble non-protein nitrogen. 
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The question of the chemical and physica] effects on the soil of the different 
forms of lime has always been a subject of great interest to agricultural in- 
vestigators. Innumerable field experiments have been carried out in order to 
determine how crops respond to the application of different forms and amounts 
of lime. In the majority of cases, however, no attempt has been made to dlis- 
cover the precise chemical changes induced in the soil system through the 
addition of lime. During the course of an extensive investigation on water 
extracts (1, 7), osmotic pressures (2), and reactions of soils (6), the suggestion 
was made that it would be of considerable interest te cbtain further data 
concerning the effects of lime on the soil as evidenced by these methods of 
study. The present paper deals with the reaction of the soil, while the fol- 
lowing article takes up the questions of water extracts and osmotic pressures. 

Lime is applied to the soil either in the form of the oxide or carbonate. 
Sometimes one form is preferred, but often it is considered immaterial which 
is used, except as economic considerations may dictate. It is known that 
quicklime may sometimes have an injurious alkalinity soon after its applica- 
tion, but the assumption is generally made that carbonation quickly takes 
place, so that the ultimate effect is the same as though the carbonate had been 
used in the first place. It seemed profitable to study these changes with more 
exactitude, by using the hydrogen electrode method (6) for determining the 
concentration of H-ions in soil suspensions. 

Three soils of different types were used, (1) a clay adobe, (2) a sandy loam, 
(3) a silty clay loam. <A sample of beach sand was also included for compari- 
son. Two 20-pound lots of each soil were placed in earthenware jars. Com- 
mercial quicklime was added to the soils and thoroughly mixed. The pro- 
portions used were 0.07 per cent and 0.28 per cent calculated in terms of pure 
CaO. The soils were made up to approximately an optimum moisture con- 
tent and kept in this condition for six months. Samples were taken at inter- 
vals over this period and the H-ion concentration determined as described in 
the previous publication already cited (6). The samples were not dried and 
loss of COz2 was avoided so far as possible in making the measurements. All 
determinations were carried out in a strictly comparable way. H-ion con- 
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centrations are expressed as exponents, 7.10 being taken as neutrality, since it 
represents the H-ion concentration of pure water. The larger the exponent 
the greater is the intensity of alkalinity. 

The results in table 1 indicate that immediately after the addition of CaO 
a very considerable increase in OH-ion concentration has been produced. 
With the larger application the increase is much greater than with the smaller 
quantity. Comparing the different soils, we find that the reaction of the 
clay adobe is least affected, while that of the sand undergoes the most marked 
change. Within three days there is a very great decrease in alkalinity in all 
cases. ‘Thereafter the decrease is slower and six months later the treated 
soils still show an increased alkalinity due to CaO. The same soils when 
treated with equivalent or greater quantities of CaCO 3 do not have their 
reaction appreciably changed. All of the soils were slightly alkaline originally, 
but similar effects would probably be observed with acid soils, once an excess 
of CaO were added over that necessary to neutralize the acids present. In 
connection with the use of CaCO;, Plummer (5) has recently shown that cer- 
tain soils, to which a very large excess of CaCO; had been added, a number of 
years after treatment showed a decidedly high concentration of OH-ion. The 
carbonate seems to have reacted with the soil constituents, possibly forming 
silicates. 

As a further test of the effect of CaO, a preliminary vegetation experiment 
was made with barley. Soils 1, 2 and 3 were used after contact with CaO 
for six months as previously indicated. After harvesting the crop the re- 
action of the soils was determined again and it was found that no significant 
change in the OH-ion concentration had occurred. The alkalinity was still 
greater than that of the untreated soil, but no inhibition of plant growth could 
be observed. In this connection it should be remembered that any excretion 
of CO, by the plant roots would tend to decrease the alkalinity, at least in the 
adjacent region. 

In the course of another experiment two tanks of an acid fine sandy loam 
were treated with an excess of lime (about 0.5 per cent CaQ), using on one lot 
CaO and on the other an equivalent quantity of CaCO;. After standing 
out-of-doors for one year, samples were taken from both tanks and the H-ion 
concentration determined. The soil treated with CaCO; gave an exponent 
of 8.05, while that treated with CaO gave 11.34. The latter represents an 
intense alkalinity and it is clear that complete carbonation did not take 
place even after a long period of time. Several tests were made on the nitri- 
fying power of the soil, 0.2 per cent (NH4)2SO4 being used. The soil treated 
with CaCO; gave a nitrification of 100 per cent. In the case of the CaO- 
treated soil, no nitrification was observed after four weeks. 

Hutchinson and MacLennan (3, 4) have made extensive studies of the effects 
of CaO and CaCO; in producing a partial sterilization of the soil. They found 
that CaCQ; did not produce such sterilization but that CaO was capable of 
accomplishing this result. The quantity of lime required seemed to depend 
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upon the type of soil. These observations accord with the measurements of 
OH-ion concentration just described. In some soils there is considerable 
immediate chemical reaction between the CaO and some of the soil constitu- 
ents, so that the OH-ion concentration may never be excessive unless a large 
percentage of CaO is used. On the other hand, even a small percentage in 
other soils may cause initially a very high concentration of OH-ions. The 
maximum effect is noted in sand. After the first few days the alkalinity 
decreases in all soils, either because of continued chemical action or of slow 
reaction with COs. 

In summarizing the present experiments we may say that CaO when first 
added to a soil produces a high concentration of OH-ion. This decreases 
markedly within a few days and continues to decrease slowly over a consider- 
able period, but the treated soils still show a greater intensity of alkalinity 
even after many months, as compared with the untreated soils or those treated 
with CaCO;. When a considerable excess of CaO is used it is possible for cer- 
tain soils to maintain such a high concentration of OH-ion that nitrification is 


practically inhibited. Thus the ultimate effects of CaO and CaCO; may not - 


necessarily be identical. It is highly desirable that more exact observations 
be made of the reactions (H-ion concentration) produced by lime in order that 
its effects, chemical and. biological, may be compared with the measurements 
of this important and definite factor. 


SUMMARY 


1. The hydrogen-ion concentration of several types of soil was determined 
after the addition of CaO and CaCQ3. 

2. The initial effect of both low and high percentages of CaO was to greatly 
increase the OH-ion concentration. This decreases with time but is higher 
than in the case of the untreated soil even after ten months. These results 
are discussed with reference to bacterial activity and partial sterilization of the 
soil. 
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It is a well-known fact that the physical and biological conditions of soils 
are usually improved by the addition of calcium compounds. The preceding 
article by Hoagland and Christie (8) described the effect of different forms and 
amounts of lime on the reaction of typical soils. This paper shows that the 
initially high alkalinity produced by calcium oxide is rapidly reduced and that 
this effect is most pronounced in heavy soils. It seems probable, therefore, 
that this decrease in alkalinity is not entirely due to carbonation but at least 
in part to chemical reaction with the soil. In the case of calcium carbonate 
McIntire (11) states that when this compound is applied to soils in excess of 
the amount necessary for neutralization, the residual carbonate is gradually 
decreased, demonstrating “the existence of a long continued reaction between 
soils and carbonates.” 

The prevailing idea has been that lime compounds render certain other 
elements such as magnesium, potassium and phosphates more available, due 
to the phenomenon of interchange of bases. However, certain experiments 
seem to refute this theory. Lyon and Bizzell (9) found no increase of potas- 
sium in the drainage water or crops of limed soils, although magnesium was 
increased. The same authors in another paper (10) report the increase of 
soluble sulfates in limed soils. Bradley (3) found that gypsum acted as an 
indirect potassium fertilizer, while lime did not and that neither affected the 
water-soluble phosphates in soils. Briggs and Breazeale (4) have recently 
shown that pegmatite and orthoclase as well as soils containing these minerals 
do not yield increased water-soluble potassium when shaken with an aqueous 
solution of calcium hydrate or calcium sulfate. On the other hand, Andre (1) 
states that glauconite yields part of its potassium when treated with calcium 
carbonate. Morse and Curry (12) found that lime and gypsum increased the 


- solubility of potassium in feldspar, claiming that this effect may not be ob- 


served when soils are similarly treated, owing to the removal of potassium from 
solution by the absorbent power of clay. Gaither (6) concludes that lime 
increases the availability of phosphates by replacement of iron and aluminum. 
He shows distinctly that silicates are decomposed but states that the assimila- 
tion of potassium by crops was decreased by caustic lime. 
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EFFECT OF CaO AND CaCO3 ON NUTRIENTS IN SOILS 387 


It is evident from a consideration of these and other references that there is 
considerable divergence of opinion concerning the effect of calcium compounds 
on the available nutrients in soils. The purpose of the present paper is to 
discover possible reasons for this apparent disagreement between the several 
investigations on the important question of the indirect fertilizing action of 
lime compounds. 

During an extensive investigation of the water extracts of soils carried on by 
this laboratory (5,13), the methods of analysis suitable for such extracts have 
been considerably improved and are believed to permit of more exact inter- 
pretation than was formerly the case. The present paper reports the data 
obtained from a study of the effects of calcium oxide and calcium carbonate 
on the concentration of the soil solution as measured by the water-extraction 
and freezing-point methods (2). 


DESCRIPTION OF SOILS 


None of the soils used in this investigation were acid and therefore no por- 
tion of the lime applied was used for neutralization. In table 1 is given the 
type and previous treatment of each soil. It should be noted that sandy loam 
no. 1, silty clay loams no. 4 and no. 6a and clay adobe no. 7a contained rel- 
atively low amounts of water-soluble nutrients, due in the case of the sandy 
loam to excessive leaching and in the others to the depletions caused by several 
seasons’ cropping. The remaining soils which had been stored in bins or 
fallowed for several years showed a considerably greater accumulation of 
soluble plant-food. This is in accord with the recent findings of Stewart (13) 
who has shown that stored or fallowed soils show greater concentrations of all 
nutrients save phosphates than the same soil under crop. Soils 4, 5 and 6, 
although from different localities, are of the same series, Yolo silty clay loam, 
according to the soil surveys of the Bureau of Soils of the United States De- 
partment of Agriculture. This will be referred to later in connection with the 
different effects of lime on these soils. 


PROCEDURE 


Six 500-gm. portions of each air-dry soil were weighed into quart jars. To 
two jars of each soil was added 0.5 gm. C. P. CaCOs (equal to an applica tion 
of 2 tons per acre-foot of 4,000,000 pounds), which was mixed with the soil 
before moistening. The next two jars were treated with 0.28 gm. C. P. CaO 
(equivalent in amount of calcium to the CaCO; application), added in a water 
suspension. This was found to be the most efficient method of mixing the 
oxide with the soil. The remaining two jars were not limed and served as 
controls. Certain investigators have used excessive quantities of lime in 
similar studies. In order to make the results of practical value, the amounts 
of lime here used are comparable with moderate field applications. After 
the addition of the calcium compounds, sufficient distilled water was added 
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to all jars to bring the soil to optimum, following which the contents of each 
jar were again stirred. All jars were then allowed to stand one week at ordi- 
nary temperatures, being loosely covered to prevent excessive evaporation, yet 
allowing easy access of air. At the end of seven days, the contents of each 
jar were removed and mixed. A 100-gm. portion was dried to constant weight 
to determine moisture. A 340-gm. sample was extracted with five times 
its weight of distilled water after the manner described by Stewart (13). 
The remainder was used to determine the osmotic pressure of the soil solution. 
This was done according to the method of Bouyoucos and McCool (2) which 
consists in determining the lowering of the freezing point directly in the soil 
under optimum moisture conditions. 

Table 1 gives a complete résumé of the results obtained. The concen- 
tration of the soil solution is reported in atmospheres of osmotic pressure. 
The analyses of the soil extracts are reported as parts per million of water- 
free soil. Below each pair of duplicate determinations is shown the average 
per cent of increase or decrease resulting from the CaO and CaCO; additions. 


DISCUSSION OF RESULTS 
t 


In any chemical study of soil fertility it is essential to determine the prob- 
able variation inherent in the methods used. For a complete discussion of the 
methods of extraction and analysis used in this investigation the reader is 
referred to the recent work of Stewart (13). For present purposes it is suffi- 
cient to state that the maximum variation between duplicate extractions of the 
same soil, for any element, was found to be 10 per cent and that the mean 
factor of error is approximately 3 percent. The usual close agreement between 
duplicates shows that large variations are the exception rather than the rule. 
No conclusions should be drawn except where the increase or decrease due to 

_ lime is well above the average error. 

Concentration of soil solution. Soils 1, 4, 6a and 7a show that the con- 
centration of the soil solution has been materially increased by the addition of 
lime, the effect of CaO being more pronounced than that of CaCO3. The 
remaining soils show little or no effect. It is interesting to note here that the 
soils showing increases are those recently cropped or having a low concentra- 
tion, while those showing no effect contain a much greater concentration of 
nutrients due to fallowing or storage. 

Total solids. Hoagland (7) has shown that although the 1:5 water ex- 
traction removes more material than is actually in the soil solution, there is a 
distinct correlation between these two values. In this connection it should 
be noted that the soils showing substantial increases of total solids on ex- 
traction are the same soils which show an increased concentration of the soil 
solution and the percentage increases are of approximately the same magni- 

tude for both determinations. 
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Calcium. The increases in the case of calcium are quite variable, the CaO 
on the whole giving more soluble calcium than the CaCO3. The manner in 
which the different soils react with lime compounds is reflected by the variable 
increases in water-soluble calcium. 

Magnesium. The cropped soils, nos. 1, 4 and 7a, show increases in soluble 
magnesium. In the Case of soil 6 this tendency is reversed, the fallowed soil 
giving an increase and the cropped soil none. Soil 4 shows approximately a 
100 per cent increase in available magnesium which will be discussed later in 
connection with its possible effect on the lime-magnesia ratio. Soil 5 shows a 
distinct depression of soluble magnesium. 

Potassium. Soils 1 and 4 unquestionably show large increases of available 
potassium due to both CaO and CaCOs, CaO being the more potent. These 
two soils were the lowest in soluble potassium before treatment. The re- 
maining soils show no increase, and in fact soils 5 and 7b experience a con- 
siderable depression of soluble potassium due to the lime. An inspection of 
the results obtained for this important element points out a probable reason 
for the disagreement between various investigators concerning the effect of 
lime as an indirect potash fertilizer. 

Phosphate. Owing to the difficulty of obtaining closely agreeing dupli- 
cates in all cases, as well as to the small number of parts per million usually 
involved, no great confidence is felt in the results for this determination. How- 
ever, soils 1 and 4 show marked increases in available phosphate for both CaO 
and CaCO; treatments, which increases are believed to be significant. The 
remaining data are not sufficiently in agreement to warrant discussion here. 
It might be conceived that the increased alkalinity due to lime may repress 
phosphate solubility but little or no evidence in favor of this theory is noticed 
here. 

Sulfate The three cropped soils, nos. 1, 4 and 7a, and also 6b, produce 
increases in soluble sulfates. This is especially marked in soil 1 which shows 
an increase of approximately 400 per cent for both CaO and CaCO; treatments. 
The two soils showing the greatest increases are those lowest in soluble sulfates. 

Nitrates. With the single exception of soil 7a, no soils show significant 
increases in nitrates. The small absolute increase of nitrates in this soil 
produces a large percentage increase, because of the low amount of nitrates 
resulting from crop depletion. It will be remembered that these soils had 
been allowed to stand only one week at ordinary temperatures. If nitri- 
fication may be taken as a partial index of bacterial activity in the soil, then 
the observed effects of lime on these soils must be due to a purely chemical 
reaction and not to any stimulation of the biological agencies in the soil. 


GENERAL DISCUSSION 


In order to demonstrate more conclusively the direct chemical effect of the 
lime, another sample of soil 4 was treated with 0.4 per cent CaO (8 tons per 
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acre-foot) and allowed to stand only 24 hours before analysis. The following 
results unquestionably show the immediate chemical effect of the quicklime. 


Total solids. Ca | Mg | K | POs | NOs 

e p.p.m. | p.p.m. p.p.m. p.p.m. | p.p.m. p.p.m. 
Ee ee eee 274 34 13 32 2 19 
DIAMINE es or Sh a 505 64 - 23 46 9 | 14 


Larger portions of soils 1, 4 and 7a, in gallon crocks, after being treated with 
CaO and CaCOs, were planted to barley. The yield of barley in the limed 
soils reflected the beneficial effects of the calcium, being from two to three 
times greater than the controls. This increased yield may be largely accounted 
for by improved physical and biological conditions. Without giving the de- 
tailed figures, it may be stated that the analyses of the soils before planting 
showed marked increases in total solids, calcium, magnesium and potassium, 
and it is believed that these increases in available nutrients must account, at 
least in part, for the increased crop. 

It is a well-known fact that lime decomposes organic matter in soils and 
therefore it might well be contended that the increases in total solids were 
largely due to soluble organic matter. In the case of about half the soils 
examined, the electrical conductivity of the soil extract was measured. The 
figures obtained were in direct relation to the total solids determination, show- 
ing that at least the greater part of the increases were due to inorganic and not 
to organic matter. ' 

Certain other inorganic elements, such as sodium, silicon, etc., have not 
been determined. Where increases in the nutritive elements do not account 
for the total increase in total solids, it is probable that such other undeter- 
mined elements have been made more soluble. Gaither (6) has previously 
shown the decomposition of silicates in soils by lime. It would be perfectly 
reasonable to assume that other elements such as silicon and sodium have been 
rendered more soluble in some of the soils. 

Soils 5 and 6b are of the same type and series and yet react with lime in 
different fashion. This indicates that the changes induced by liming are more 
deep-seated than can be accounted for by soil classification. 

Lyon and Bizzell (9) found in a certain soil that the addition of lime caused 
a narrower lime-magnesia ratio in the drainage water. If there is any value in 
a certain lime-magnesia ratio for soils, it must be concerned with the water- 
soluble elements. An inspection of the figures for calcium and magnesium 
in soil 4 shows that while the original soil had a lime-magnesia ratio of 2:1, 
after liming the ratio became 1:1, as a result of the liberation of magnesium 
by the calcium. Certain of the other soils produced a broader ratio due to 
increases in calcium or depressions in magnesium, or both. It is seen from this 
that the calcium-magnesium ratio of a soil solution cannot be predicted prior 
to the addition of lime. 
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It is evident from the data considered that all soils do not react chemically 
with lime in the same manner. Furthermore, even the same soil under 
different concentrations of soil solution, due to cropping or fallowing, may 
react differently. No attempt is made to explain the reasons for the changes 
observed. Evidently, the addition of lime compounds changes the equilibrium 
in the complex soil solution and the resultant effects are varied and impossible 
to predict. Further study involving determinations of all the elements con- 
cerned would be necessary before evena plausible hypothesis could be advanced. 


SUMMARY 


1. The direct chemical effects of CaO and CaCO; on the water-soluble 
nutrients in 7 soils of 3 different types have been studied. Supplementary 
data by freezing-point and conductivity methods have been obtained. 

2. CaO and CaCO; increased the water-soluble potassium in only 2 soils, 
and in 2 soils caused a depression. Soluble magnesium was increased in 4 
soils, and decreased in 1 case. Soluble sulfates were increased in 4 soils. Only 
2 soils showed a significant increase in phosphates. 

The effects of CaO are more pronounced than those of CaCOQs. 

3. The effect of lime on soils depends in part upon the previous treatment 
of the soil, particularly with respect to the concentration of the soil solution. 
A greater effect was observed in soils having a low initial concentration. 


REFERENCES 


(1) Anpr&, G. 1916 Displacement of the potash and phosphoric acid contents of certain 
rocks by some fertilizers. In Compt. Rend. Acad. Sci. [Paris], t. 162, no. 3, p. 
133-136. 

(2) Bouyoucos, G. J., AnD McCoot, M. M. 1915 The freezing point method as a new 
means of measuring the concentration of the soil solution directly in the soil. 
Mich. Agr. Exp. Sta. Tech. Bul. 24. 

(3) Braptey, C. E. 1910 Reaction of lime and gypsum onsome Oregon soils. Jn Jour. 
Indus. Engin. Chem., v. 2, no. 12, p. 529-530. 

(4) Briccs, L. J., AND BREAZEALE, J. F. 1917 Availability of potash in certain ortho- 
clase bearing soils as affected by lime or gypsum. Jn Jour. Agr. Res., v. 8, no. 1, 
p. 21-25 

(5) Cristie, A. W., AND Martin, J.C. 1917 The volumetric determination of sulfates 
in water extracts of soils. I Soil Sci., v. 4, no. 6, p. 477-479. 

(6) GairHER, E. W. 1910 Effect of lime upon the solubility of soil constituents. In 
Jour. Indus. Engin. Chem., v. 2, no. 7, p. 315-316. 

(7) Hoactanp, D. R. 1918 The freezing point method as an index of variations in the 
soil solution due to season and crop growth. Im Jour. Agr. Res., v. 12, no. 6, 
p. 369-395. 

(8) Hoactanp, D. R., AND Curistiz, A.W. 1918 The chemical effects of CaO and CaCO, 
on the soil. Part I. The effect on soil reaction. Jn Soil Sci., v. 5, p. 379-382. 

(9) Lyon, T. L., AND BizzEtt, J. A. 1916 Calcium, magnesium, potassium and sodium 
in the drainage water from limed and unlimed soil. Jn Jour. Amer. Soc. Agron., 

v. 8, no. 2, p. 81-87. 


392 A. W. CHRISTIE AND J. C. MARTIN 


(10) Lyon, T. L., AND BizzELt, J. A. 1916 The lossof sulfur in drainage water. In Jour. 
Amer. Soc. Agron., v. 8, no. 2, p. 88-91. 

(11) McIntire, W. H. 1916 Factors influencing the lime and magnesia requirements of 
soils. Tenn. Agr. Exp. Sta. Bul. 115. 

(12) Morse, F. W., AND Curry, B. E. 1909 The availability of soil potash in clay and 
clay loam soils. N.H. Agr. Exp. Sta. Bul. 142, p. 39-58. 

(13) Srewart,G.R. 1918 Effect of season and crop growth in modifying the soil extract. 
In Jour. Agr. Res., v. 12, no. 6, p. 311-368. 


THE RELATIVE “RAWNESS” OF SOME HUMID SUBSOILS! 


PAUL M. HARMER 
Division of Soils, Minnesota Agricultural Experiment Station 


Received for publication March 5, 1918 


INTRODUCTION 


Three recent articles (1, 2, 4) dealing with the relative “rawness,” or un- 
productivity, of subsoils as compared with surface soils make it appear that 
the prevailing views upon the subject rest upon an uncertain foundation. 
The unproductivity of the subsoils of humid regions has long been recognized, 
as Alway, McDole and Rost (2, p. 9-10) have pointed out, and no distinction 
has been made between non-leguminous plants and inoculated legumes. On 
the contrary, the subsoils of arid regions have been regarded as characterized 
by a lack of any such rawness, Hilgard’s views upon these having been accepted 
without question. 

Alway, McDole and Rost presented evidence from both pot experiments and 
field observations in support of the view that certain humid subsoils, viz., 
those developed on the loess of eastern Nebraska, with inoculated legumes are 
practically as productive as the corresponding surface soils, although very 
unproductive with non-leguminous plants. 

Lipman (4) denies the correctness of Hilgard’s views upon the rawness of 
arid subsoils in so far as these concern non-legumes, and concludes from his 
own observations in California that the subsoils of arid regions are practically 
as raw toward such plants as are the typical subsoils of humid regions. He 
further questions the actual existence of any proof of the rawness of humid 
subsoils toward legumes, or, as he puts it, whether legumes will not grow on 
these. But, as Alway has emphasized (1, p. 197), the question of rawness 
depends not upon whether the plants will merely grow but upon whether they 
will thrive, or make a growth at all comparable with that on the corresponding 
surface soils. 

The experiments described below, undertaken at the suggestion of Dr. F. J 
Alway and carried out as subsidiary to a chemical study of prairie soils in 
comparison with those still covered with virgin forest, furnish evidence of 
as great a productivity in the case of some of the forest subsoils as that of the 
subsoils of the prairie-covered loess reported by Alway, McDole and Rost, 
while the corresponding prairie subsoils, with fewer of the characteristics typical 


1 Published with the approval of the Director as Paper No. 113, of the Journal Series of 
the Minnesota Agricultural Experiment Station. 
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of those of humid regions, were found to be decidedly unproductive. As the 
author’s work on the subject has now been interrupted for an indefinite period 
the data so far accumulated are presented below. 


PROPERTIES OF THE SOILS 


The location of the fields from which the soils were secured and the differences 
in precipitation and natural vegetation are shown in figure 1. In the case of 


LEGEND 


laches precipitation p . 
South fmit of coniferous VLILLD Glacial lake beds 
and deciduous Hm ber aréa- 

wismnsnniene.. Limits of decidvous ATT Larter glactations 


4imber area 
Onshaded oree, Late Wisconsin glaciatsen. 


Fic. 1. MAp oF PoRTION OF MINNESOTA 


Showing sources of soils used, boundaries of the Late Wisconsin glaciation (after Leverett, 
3, p. 32), normal precipitation (after Purssell, 3, p. 22), and distribution of forest and prairie 
(after Upham andf Butters, 3, p. 39). 


all¥except those from Blackhoof and Nickerson, both surface soil and subsoil 
consist of till from the Late Wisconsin glaciation. The Blackhoof soils are of 
lacustral origin, having been deposited in glacial Lake Duluth (3, p. 32) and 
the Nickerson samples are from a very sandy moraine at the edge of this lake. 
Accordingly, all except those from Nickerson are products of the very latest 
continental ice sheet and so have been exposed to the action of the weather 
and of vegetation for approximately the same length of time. 

In table 1 are indicated the important properties of the different soils used 
in the vegetation experiments. The organic carbon was determined by com- 
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bustion with copper oxide in a current of oxygen. The degree of acidity 
reported is that found by the Truog method. Effervescence was tested by 
treating the thoroughly moist sample with 10 per cent hydrochloric acid. It 
will be seen that in the case of a few soils the reaction became less acid during 
the course of the experiment, as the result of the use of tap water which con- 
TABLE 1 
Composition and properties of the soils used 


REACTION OF SOIL 


EFFERVESCENCE 


LOCALITY H 
2 ner witH HC] 


At beginnin® At conclusion 


MOISTURE EQUIVA- 
LENT 


NITROGEN 
ORGANIC CARBON 
ORGANIC MATTER* 


per 
cent | cent 


1 to 6 in.|30.25|0.329|4.015|6.922| Neutral Neutral None 
3rd ft. |23.24/0.051/0.770|1.328) Neutral Neutral Strong 


> 
s 
| 

> 
S 
be 


a 
2 
= 
= 


Canby. 


1 to 6 in.|30.46/0.330)}4.444|7.662) Neutral Neutral None 
1st ft. |27.78/0.280)3.303/5.695) Neutral Neutral None 
3rd ft. |18.16/0.042/0.642/1.107| Neutral Neutral Strong 
5th ft. {17.391/0.013/0.244/0.421| Neutral Neutral Strong 


Morris... 


1 to 6 in.|35.91/0.393/5.134/8.852| Neutral Neutral None 

3rd ft. |27.28}0.051|0.865]1.491) Neutral Neutral Strong 
1 to 6 in./23.02/0.181|2.405|4. 146} Slightly acid) Very slight-| None 
ly acid 
3rd ft. |26.72/0.048|0.390/0.672| Neutral Neutral Very slight 


Renville... 
Hamel..... 


3rd ft. |18.12/0.029|0.248)/0.428] Slightly acid} Neutral None 


1 to 6 in.|35.13|0.188)2.732/4.710) Medium acid) Medium acid} None 
3rd ft. |41.91/0.026/0.295|0.509| Neutral Neutral Strong 
5th ft. |52.50/0.022/0.345/0.595} Neutral Neutral Strong 


Taylors { 1 to 6 in./19.47/0.152/1.900/3.276] Slightly acid} Slightly acid} None 
Blackhoof 


1 to 6 in.| 6.95/0.068)0.951/1.640) Strongly acid) Medium acid} None 
Nickerson 3rd ft. 1.56/0.006)0.094/0.162) Very slight-| Neutral None 
ly acid 


* Computed from organic carbon. Organic matter = C x 1.724 


tained a considerable amount of calcium bicarbonate. As a single-valued 
expression of the texture the moisture equivalent is reported. 

Three sets of soils, those from Morris, Blackhoof and Nickerson, were 
taken from a single field each. The samples from Morris were composites 
from 20 pits 2 rods or more apart, and those from Blackhoof from 3 pits 5 rods 
apart, while those from Nickerson were from 10 pits 16 rods or more apart. 
The sets from the four other localities were each composites from 3 fields, 2 
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miles or more apart. In each of these latter fields, composite samples were 
prepared from 5 pits 2 rods or more apart; the same volume of soil from each 
pit was used in making the field composites and the same weight of each of 
these field composites in making the area composites used in the vegetation 
experiments. 

None of the fields had ever been brought under the plow, those at Canby, 
Renville and Morris being prairie fields used as meadows, while those at 
Hamel and Taylors Falls formed remnants of the original deciduous forest, 
few trees having been cut and no sign of injury by fire being found. The 
original forest of red and jack pine at Nickerson and of white pine at Blackhoof 
had been cut off by the lumbermen and both areas had, some twenty-four 
years ago, been burned over by severe forest fires. A young growth, chiefly 
deciduous, had since sprung up. 

The bulk soils after reaching the laboratory were exposed to the air long 
enough to make them almost air-dry, then thoroughly mixed and tamped into 
the vegetation vessels. 


EXPERIMENT I. SOILS FROM THREE LEVELS 


In the first experiment, 1915-1916, soils from only Morris and Blackhoof 
were employed, each being represented by three samples, viz., the surface 
6 inches and the third and fifth feet from the latter and the first, third and 
fifth feet from the former. Wooden boxes, 12 inches square and 8 inches deep, 
coated on the inside with pitch tar and provided with holes in the bottom 
for drainage, were employed as vegetation vessels. Four were filled from each 
sample. The soil was thoroughly moistened and at once planted to corn, but, 
at the end of two weeks, and before the plants had begun to show any distinct 
differences, the corn was removed, two of the boxes planted to barley and the 
other two to alfalfa. All the soils were kept well moistened with tap water. 

The barley, early thinned to 12 plants per box, made a normal growth 
on the surface soil, producing well filled heads, but that on the subsoil was 
stunted, yellowish-green in color and formed very little seed. The alfalfa, 
at the end of about two weeks was thinned to 18 plants per box and treated 
with a suspension prepared by macerating nodule-bearing alfalfa roots in 
water. A second application insured the inoculation of all the plants, as indi- 
cated by their dark green color. Threecrops were harvested. The appearance 
of the plants (plate 1) and the yields (table 2) indicate that the subsoils from 
both places were quite raw, being practically as unproductive of alfalfa as of 
barley. The latter was not cut until it was thoroughly ripe, but before the 
total dry weight and the weights of grain had been determined the plants were 
accidentally destroyed. The heads of the plants from the subsoils contained 
very few seeds, thus making the differences between the surface soil and sub- 
soil crops much greater than the number of heads would indicate. 
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EXPERIMENT II. SOILS FROM TWO LEVELS 


In the second experiment only two depths were represented, the surface 
6 inches and the third foot. Fresh material from Blackhoof and Morris 
was employed along with recently collected samples from the other places. 
The soils, prepared as in the first experiment, were placed in galvanized iron 
pots, 12 inches deep, with a surface area of 0.75 square foot, and painted on the 
inside with pitch tar. Drainage was effected by holes in the bottom and a 


TABLE 2 


Yields of crops in first experiment 


ALFALFA (DRY MATTER) BARLEY 
SOIL S . n “ 
z | First | Second| Third Total 3| G No. of | No. of |AV€!8! No. of 
5 Hera pata scfoP5q] crops | weight | culms | plants | Peis] heads 
Prairie soil from Morris 
gm. gm. gm. gm. gm. inches 

iit fi} 21.4] 13.1] 13.4] 47.9] 72.7] 28 | 12 | 32.0] 21 
siti neon \ 2} 20.0 | 15.5 | 14.0} 49.5 | 67.0] 23 | 11 | 33.0] 15 
Average............ 20.7 | 14.3 | 13.7 | 48.7] 69.8} 25 | 11 | 32.5] 18 
: fil 3.8] 4.0] 5.7] 13.5] 18.3) 10 | 10 | 19.5] 8 
ce casa \2l 4.0] 5.1] 6.3] 15.4] 17.0) 11 | 11 | 19.0] 7 
Average.......... 3.9| 4.5| 6.0] 14.4] 17.6 10 | 10 | 19.2] 7 

. ft 18] 07) 24) &9 9 9 0| 7 
sealant \2} 2.2] 2.4] 2.3] 69] 9.5] 12 | 11 o| 5 
FVETABE: 555 5s 220) 2:01 2:53) 6:4 8.9} 10 10 5.5 6 

Forest soil from Blackhoof 

rn f 1] 27.8 | 28.4| 19.0] 75.2| 92.0) 41 | 11 | 32.0] 21 
iainena inane \ 2] 33.1 | 36.6 | 23.9 | 93.6 | 112.0} 38 | 10 | 33.0} 15 
Average......2... 30.4 | 32.5 | 21.4 | 84.4} 102.0} 40 | 10 | 32.5] 18 
; fil 3.8] 3.5] 2.6] 9.9] 12.0) 10 | 10 | 19.5] 8 
PROM 22 rsee \2} 2.5] 2.1] 1.8] 64] 10.0) 11 | 10 | 19.0] 7 
Average.......... 3.1) 2.8} 2.2] 8.1] 11.0) 10 | 10 | 19.2] 7 
- fi] 2.8] 2.2] 1.6] 66] 9.5} 12 | 12 5.0} 7 
Ri en \2] 3.0] 2.7] 1.6] 7.3} 9.0 1m | 12 0} 5 
Average.......... 2.9| 2.4] 1.6] 6.9] 9.2) 11 | 12 | 15.5] 6 


half-inch layer of coarse gravel. In this experiment, instead of sowing seed, 
the writer transplanted 10 alfalfa plants secured from a field sown 5 months 
before, care being iaken to select roots of uniform size. As only plants with 
adhering nodules were employed it appeared unnecessary to take any further 
measure to insure inoculation and none of the plants at any subsequent time 
gave evidence of lack of inoculation. The soil was moistened, the roots spread 
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TABLE 3 
Vields of dry matter from four crops of alfalfa, number of plants surviving and weight of roots 
| | YIELD OF DRY MATTER é 2 2 
| 4 fe) | 
| | ! is a 3 
Prelimi-| | | my “ = 
SOIL | nary | First | Second | Third | Fourth | Total OS ° 8 
ic crop | crop crop crop crop or 4 xe iB = 
| % | Decem-|May 14,|June 25,| August | October crops ee) oS oe 
& | ber 19,| 1917 | 1917 |18, 1917] 3, 1917 2% a Be 
& 1917 | J z 3 > 
Canby 
| gm. | gm. gm. gm. gm. gm. gm. kgm 
pias | fi 8.3 | 10.7] 14.4] 19.4] 6.5] 51.0] 8 | 31 | 14.9 
ssh aiamaiaindaiaahlel: \2} 4.9 | 12.3] 15.5 | 18.0] 6.9} 52.7| 6 | 24 | 14.9 
Average.......... 6.6] 11.5 | 14.9] 18.7] 6.7| 51.8] 7 | 27.5 
seeuas 11 6.8] 6.4] 5.5 0.5| 18.1] 10 | 31 | 22.0 
rn RON nr 2} 5.5] 4.6] 7.9] 8.1] 1.0] 21.6] 9 |29 | 22.0 
Average.......... 6:1 1 3:5] 6 0.7 | 19.8] 9.5 | 30 
Morris 
ree | 1} 3.4] 20.0} 19.9 | 26.9 | 16.2 | 83.0| 6 | 35 
sist aicecaataias 2} 8.6 | 18.7 | 18.3 | 31.2 | 17.6] 85.8] 6 | 39 
Average.......... 6.0 | 19.3 | 19.1 | 29.0 | 16.9 | 84.4] 6 | 37 
: 1) 6.5] 7.7] 6.3| 7.5] 2.0] 23.5| 6 |25 | 22.8 
PER 5 ++ 03 ( 6.5] 7.4] 7.1] 7.3| 2.0| 23.8, 6 |24 | 22.8 
a ree O51 7571 G1 741 20123616 24.5 
Renville 
sittin fi] 7.7] 14.8 | 15.2 | 27.3 | 13.3 | 70.6) 9 | 41 6.7 
sic sata nea \2| 8.0 | 13.8 | 14.0 | 27.8] 14.5 | 70.1] 7 | 37 | 16.7 
Average.......... 7.8 | 14.3 | 14.6 | 27.5 | 13.9] 70.3] 8 | 39 
Thied foot 11 8.0] 3.0] 6.7| 3.8] 0.6] 14.1] 8 | 28 | 21. 
sii aah tae 2} 4.6| 4.8] 6.8] 4.2] 0.7| 165] 9 |20 | 21. 
Average.......... 6.3| 3.9] 6.7] 4.0] 0.6] 15.3] 8.5 | 24 
Hamel 
ern fil 4.9 | 20.8 | 22.4} 25.9] 15.4] 84.5| 7 | 39 | 20.5 
: teenies \2} 5.1] 19.1 | 19.3 | 24.71 12.3] 75.4] 2 | 26 | 20.5 
Average.......... 5.0 | 19.9 | 20.8 | 25.3 79.9 | 4.5 | 32.5 
. f1| 8.1] 16.9 | 19.0 | 22.9] 12.7] 71.5] 10 | 42 | 21.4 
ss uence \2| 6.6 | 21.7 | 20.3 | 22.9] 16.0| 80.9] 7 | 36 | 21.4 
CS. 7.3 


a 
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TABLE 3—Continued 


YIELD OF DRY MATTER 2 wn s 
5 gs | 3 
Prelimi- eh os a 
SOIL nary First | Second| Third | Fourth Total 64 5 5 
6 | _crop crop | crop crop | crop beg ae H 4 
Z | Decem-|May 14,|June 25,| August | October io a0 8 Be 
& | ber 19,| 1917 | 1917 |18, 1917| 3,1917| “OPS | 2% Fa ae 
=& | 1917 ; 2 = z 
Taylors Falls 
gm. gm. gm. gm. gm. gm. gm. kgm. 
ee f1] 4.6] 20.9 | 17.0} 20.2 | 13.5] 71.6] 6 | 37 | 21.9 
ssiilaatias alienate \ 2! 7.0 | 22.5 | 18.5 | 24.6| 14.1] 79.7] 7 | 41 | 21.9 
Average.......... 5.8 | 21.7 | 17.7 | 22.4 | 13.8 | 75.6| 6.5 | 39 
ii fi] 6.8 | 24.5 | 20.5 | 21.9] 15.2 | 82.1] 10 | 36 | 22.4 
jini ide \ 2} 6.3 | 20.0 | 18.3 | 25.6| 14.8| 78.7] 10 | 38 | 22.4 
Average.......... | 6.5 | 22.2 | 19.4 | 23.7] 15.0 | 80.4] 10 | 37 
Blackhoof 
es fa] 6.9 | 24.1 | 19.4] 32.0] 19.2| 94.7] 7 | 48 | 19.0 
siuchcsemeinoiaaieele \ 2} 7.2 | 25.2 | 26.8 | 32.9 | 22.2 [107.1 | 4 | 43 | 19.0 
Average.......... 7.0 | 24.6 | 23.1 | 32.4 | 20.7 |100.9| 5.5 | 45.5 
aes fi] 66] 2.4] 61] 4.7] 1.1] 14.3] 9 18 18.6 
aa ecaschenaina \ 2) 6.0} 4.9] 6.0] 7.2] 2.2] 20.3] 6 | 20 | 18.6 
AVGTAQE <6. :cic5s ss | 673) -3:6|) GO} S29) 6) 173) 7.5 149 
Nickerson 
dette fi] 5.9 | 24.5 | 17.3] 21.8 | 13.3] 76.9| 5 | 37 | 22.9 
hve as ae \ 2) 4.3 | 28.4 | 23.3 | 19.2 | 11.9} 82.8} 3 | 25 | 22.9 
Average.......... 5.1 | 26.4 | 20.3 | 20.5 | 12.6} 79.8] 4 | 31 
wor fil 6.6 | 13.7} 10.3} 12.5] 5.1] 41.6] 6 | 28 | 26.8 
sicitheieaineianiai \ 2} 5.4 | 12.7] 12.2] 13.3] 5.7{ 43.9] 10 | 28 | 26.8 
Average ......... 6.0 | 13.2] 11.2] 12.9] 5.4] 42.7] 8 | 28 


out as much as possible, the soil pressed firmly about them and more water at 
once added. By the use of this method it was hoped that a crop would be 
obtainable in a shorter time and it also promised to assure the penetration of 
the fine-textured subsoils by the roots, which it was suspected might have 
partly caused the poor yields of alfalfa in the first experiment. 

The transplanting was done on November 12, 1916, and the first crop 
developed very rapidly during the following two weeks, doubtless as a result 
of the supply of nutrients in the transplanted roots. At the end of five weeks, 
on December 19, the growth had practically ceased, and the tops were re- 
moved, a remarkably uniform yield from all the soils being shown (table 3). 
After this first, or preliminary crop, the plants made little growth for several 
months, the next cutting being secured on May 14. Three additional crops 


SOIL SCIENCE, VOL. Vv, NO. 5 


400 PAUL M. HARMER 


were obtained, harvested on July 25, August 18 and October 3. The pre- 
liminary crop is not included in the total yields, as this is not to be attributed to 
nutrients derived from the respective soils. After harvesting the last crop 
the roots were carefully removed from the pots, washed to free them from 
adhering soil, dried and weighed. In all pots the roots were well scattered 
throughout the soil mass, penetrating to the bottom and into the washed 
gravel placed there to facilitate drainage. 

The yields from the duplicate pots were very similar, in fact so nearly alike 
both in the different crops and in the total for all four that the use of single 
pots of each soil would have led to exactly the same conclusions as to their 
relative productivity. The content of nitrogen and that of organic matter in 
the productive subsoils from the forest fields were rather lower than those 
of the prairie subsoils which proved raw. 

TABLE 4 
Dry matter in the tops from four crops of alfalfa and in the roots at the end of the experiments 


PRODUC- | RATIO OF TOPS TO 
TOPS or ROOTS ES 
SOIL 
Yield on 
Surface | Subsoil | surface | Surface | Subsoil | Surface | Subsoil 
soil = 100 
gm. gm. gm. gm. 
BSE ere eee Oe 51.8 19.8 38 21-5 30.0 Le 0.7 
PNR RN ae See als he 84.4 | 23.6 28 37.0 | 24.5 2:3 1.0 
oO | SUSE SR opie Penman s eo I! 15.3 22 39.0 24.0 1.8 0.6 
PEERS ron ales nia caise 79.9 76.2 95 32.5 39.0 25 2.0 
CU ee ape a 75.6 | 80.4] 106 39:0] 37.01 129 232 
LO SS Se es ea ort eo a 100.9 aK: 17 45.5 19.0 22 0.9 
SRM NNUONN eh as 'sd boc eee 79.8 42.7 54 31.0 28.0 2.6 LS 


In four of the seven sets, those from Morris, Canby, Renville and Black 
hoof, the yield on the subsoil was only from one-sixth to two-fifths of that on 
the corresponding surface soil (table 4). In the Nickerson set the yield on the 
subsoil was slightly more than half that on the surface material. In the case 
of the forest-covered fields at Hamel and Taylors Falls the subsoils yielded as 
well as the corresponding surface soils. Four of the seven subsoils, those from 
Morris, Canby, Renville and Blackhoof, were very rich in carbonates, all 
showing a strong effervescence with hydrochloric acid. The fields at the 
first three places were prairies and the rainfall at all three is lighter than at 
Hamel or Taylors Falls where the subsoils showed little carbonate. 

From table 3 it will be seen that while the number of surviving plants varied 
from 2 to 10 per pot, the weight of the roots varied but little. Where only a 
few plants had survived the roots of these showed a much greater development 
than where few or no plants had died. That this variation in the number of 
surviving plants exerted no distinct influence upon the yield of alfalfa may be 
seen by comparing the yields from the duplicate pots, those from Hamel 
and Blackhoof furnishing especially good illustrations. 
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The fact that in the case of the four surface soils corresponding to the 
unproductive subsoils the yields of alfalfa vary with the weight of the soil in 
the pots, would suggest that the amount of soil to which the roots had access 
had a much greater influence upon the yields than did the number of plants. 


SUMMARY 


Alfalfa was grown in the greenhouse on seven sets of Minnesota glacial 
soils, each set consisting of the surface 6 or 12 inches of virgin soil and the 
corresponding subsoil taken from the third foot. Three sets were secured 
from prairie fields with a very calcareous subsoil and the others from forested 
areas. Two of the subsoils, both low in carbonates and from forest fields, 
yielded as well as both the corresponding and the other surface soils, while the 
five other subsoils gave yields only from one-sixth to one-half as high as the 
corresponding surface soils. The nitrogen content of the productive subsoils 
was no higher than that of those which proved “raw.” 

Thus, in the humid state of Minnesota, some of the glacial subsoils are as 
productive of alfalfa as surface soils when inoculation is assured, but others 
are quite unproductive, and the rawness is not associated with an especially 
low nitrogen content or with a lack of carbonates. 
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PLATE 1 


Alfalfa and barley’on soil from the different foot levels (first, third and fifth), showing 
the unproductivity of the subsoils toward both crops. In the Blackhoof set the surface 
sample was from only the first half-foot section. 
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Several publications (1, 3, 7) were recently issued from this laboratory 
embodying the results of an extended series of studies of soils in the cropped 
and the uncropped condition. The general conclusion presented in these 
articles was that there is a much closer relationship between the soil solution 
and water extracts of soils than is commonly supposed. The studies referred 
to also included a comparison of the results of analysis of all of our soils by the 
complete (fusion method) hydrochloric acid (sp. gr. 1.115) and citric acid 
(1 per cent) extraction methods. These latter results were not published in- 
asmuch as they showed little or no relation to crop production and served only 
to fix our long held conviction that the first two methods at least are absolutely 
worthless as criteria of the present productivity of soils. Since our work on 
water extractions appeared, however, we have received a number of requests 
for information as to the other chemical characteristics of our soils. It there- 
fore seems desirable to publish these latter in order that others may be able to 
draw their own conclusions as to the relative value of the various methods. 

We have been unable to avoid the conclusion that in spite of inconclusive 
or negative results in the application of the various methods referred to, many 
workers continue to draw inferences from data obtained by their use as to the 
fertility of soils at present or in the near future. One of these methods is also 
frequently used for classifying soils with reference to their probable endurance. 
Results obtained by all methods are perhaps applicable to a discussion of the 
relation between chemical composition and physical texture. Our data seem 
to lead to certain conclusions with reference to all of these points and thus 
further justify their publication. 

The origin, physical composition, behavior under crop, periodic results of 
water extractions and much other data concerning the soils discussed in this 
article are described elsewhere (7) in great detail. We shall limit our descrip- 
tions here to the mechanical analyses, but use such designating numbers and 
expressions as will enable the reader to refer readily to the article cited. 

The soils used were all selected with reference to the United States Bureau 
of Soils classification. They comprised 5 silty clay loam soils of a single series 
and 8 fine sandy loams of different series. Our objective in selecting these 
soils was to obtain one group of as nearly identical physical texture and origin 
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as possible and another group which should belong to an identical class but 
differ in that the individual representatives belong to different soil series. 
The presence of the single clay loam is due to an erroneous preliminary physi- 
cal classification. It is so very similar in its chemical properties to the silty 
clay loams that for most purposes we have grouped it with these latter. All : 
soils have been cropped and under continuous observation for three years. 4 
They are kept in tight containers 30 by 60 inches in area, 18 inches deep, and j 
watered with distilled water. ; 
5 
TABLE A ‘ 
Mechanical Analysis. (Averages of two analyses) 2 
CLASS SILTY CLAY LOAMS FINE SANDY LOAM 
= =] 
7 | 3 Py o a 
Series Yolo g E - g 8 = : = 
© | — 3 
felelme|/e@}/e|8]s] a 
Soil No. eee ae se 6* 7 | 8 9 | 10] 11 | 12 | 13 | 14 
per per per per per per per per per per per per per per 
cent | cent | cent | cent | cent cent cent | cent cent | cent | cent | cent | cent | cent 
Fine gravel 
(1-2 mm.)....] 0.00} 0.00} 0.00} 0.00} 0.00} 0.00 | 0.04] 0.00] 0.016] 0.00] 0.00] 0.00] 0.04] 0.00 
Coarse sand 
(i-1.5mm.) | 0.15| 0.60} 0.60} 2.09} 1.84] 0.746] 2.82] 1.95] 9.986] 1.57| 2.77] 4.99] 7.77] 3.09 
Medium sand 
(0.5-0.25mm.)} 0.23} 1.50} 1.04) 1.24) 1.70] 0.574] 2.87] 3.19] 6.308] 2.94] 2.818] 4.38] 14.55] 4.05 
Fine sand (0.25- 
0.010mm.)...| 1.69] 8.00] 3.53] §.47| 9.61] 1.786] 15.60] 21.22/21.730] 16.62|20.945| 23.27| 13.49] 24.54 
Very fine sand 
(0.01-0.05mm.)} 32.62] 31.26] 26.28] 30.32] 32.73] 21.775] 53.67| 50.63|43.67 | 38.76|39.34 | 46.24] 15.70] 38.94 
Silt (0.05-0.005 
mm.)........ 42.68| 36.97] 38.12] 37.99] 30.52] 37.415] 16.01] 17.57|10.87 | 26.25|19.075| 9.61] 34.72] 15.55 
Clay (0.005-0 
= * See 24.17| 22.47| 28.47] 25.08] 24.72] 39.380] 9.77] 5.56] 8.19 | 13.37|14.62 | 9.44] 12.95] 13.87 
Sum of percent- a 
ages......... 101.$4/100.80] 98.68] 102. 19]101 .12|101 676 ]100.58]100.12|100.77| 99.51/99.568] 97.93] 99.22/100.06 A 
Gravel removed 
by previous 
screening... 0.11] 0.09} 0.39] 6.15] 3.38] 0.11 | 3.64] 0.99! 6.41] 0.59! 2.12] 1.57] 1.15] 2.21 
* Clay loam 


The complete analyses and those of the extracts obtained by hydrochloric 


TIME OF EXAMINATION OF SOILS 


and citric acid were made only once and at the commencement of our experi- 
ments. The results by water extractions, however, varied from day to day 
and were very low with soils under crop at the height of the growing season. 
It is evident that determinations at no single date could represent the potential 
fertility of a soil. The data on water extractions are therefore the averages 
of the results of periodic examinations of uncropped soils in the year 1916 
when the soils had been in place for an entire calendar year and had had every 
opportunity to come into equilibrium with their local environment. 
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FORM OF REPORTING RESULTS 


Analyses of the hydrochloric and citric acid extracts are usually reported in 
the conventional forms: potash (K20), lime (CaO), magnesia (MgO) and 
phosphoric acid (P20;), etc. Complete analyses are sometimes reported as the 
elements and sometimes in the conventional forms. Water extractions are 
usually reported in terms of parts per million of the variousions. For purposes 
of comparison of the different methods it is deemed desirable to report all 
results in terms of the conventional forms. Results by the first three methods 
are expressed as percentages, but those from the water extractions will be 
expressed as parts per million, since the conversion of these to percentages 
seems to subserve no useful purpose. 


TABULATION OF DATA 


The analyses by the complete (fusion) method and those by the hydrochloric- 
acid-extraction method comprised determinations of all of the usual constitu- 
ents. Those by the citric acid and water extractions were confined to the 
elements potassium, calcium, magnesium and phosphorus. Nitrogen (NOs) 
determinations on the water extracts were made and will be included for cer- 
tain purposes. In tables 1 and 1A we include all of the results of analysis by 
the complete and hydrochloric acid methods for purposes of record only. The 
discussion will be based on the figures for the more important constituents, 
and since the results of the citric acid and water extractions are limited to 
these constituents, the results by all methods are included in tables 2 and 2A. 


CHEMICAL CRITERIA AND PHYSICAL TEXTURE 


A basic principle in the use of chemical criteria for estimating soil fertility 
is that soils of the same physical texture shall be compared among themselves. 
Obviously no two soils are of absolutely identical physical texture and the 
strict application of the principle would nullify the value of any comparison. 
To justify the utility of such comparisons we must assume that the soils com- 
pared, if not identical in physical texture, are either so similar that they would 
permit of equal root dispersion or so “light” that resistance to root dispersion 
becomes an insignificant factor in crop production. Our five silty clay loam 
soils belong to an identical series and class according to the United States 
Bureau of Soils classification. They are therefore quite similar in physical 
texture, and because of the special care taken in their selection, are probably 
more nearly alike than an equal number of soils of the same kind taken in the 
course of a soil survey. If there is any validity in the physical classification, 
the chemical criteria should be strictly comparable among themselves. The 
fine sandy loams belong to an identical class, but are from different series of the 
United States Bureau of Soils classification. These soils, however, are of a 
kind in which resistance to. root dispersion is unquestionably low. Their 
chemical characteristics are therefore logically comparable. 
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CHEMICAL ANALYSIS AND PRESENT PRODUCTION 

If crop growth is dependent upon the ability of the soil to maintain the con- 
centration of individual ions in the soil solution (1, 2), it would seem that any 
rational method should tend to show lower figures in soils of low production 
than in the better soils. The number of instances in which the poorer of a 
group of soils give lower results by any method than those from the better soils 
may be used as a rough measure of the rationality of the method. This, of 
course, is strictly true only in case all of the important soil constituents are 
included. None of the methods used, with the exception of the water extrac- 
tion method, takes cognizance of the nitrate content of the soil. This being 
the case, the other methods must justify their use in soil fertility studies on the 
basis of the remaining constituents. 

We have observed in our studies of periodic water extractions that a rise in 
nitrate content of a given soil is invariably attended by a rise of basic constitu- 
ents and notably calcium, pointing to a close relationship between biological 
activities and the solutesfound. In water extractions, the non-nitrate mineral 
constituents thus become of increased importance as an index of biological 
activity. No such advantage accrues to the other methods since the intensity 
of action of the reagents doubtless obscures the effects of organisms. 

In tables 2 and 2a we have indicated by bold-faced figures those instances 
in which a given constituent of the poor or medium soils is lower than the same 
constituent in all of the good soils of the same group. The apparent deficien- 
cies of both groups may be combined and summarized! in two ways. 

First: Instances in which the poor and medium soils show lower figures 
than all of the good soils of their respective groups: 


TOTAL (Ex- TOTAL (IN- 
K:0 CaO | MgO | P2Os CLUDING NOs CLUDING 

NOs) NOs) 
OO ee eS 1 1 0 0 2 2 
Hydrochloric extraction.........| 0 1 0 0 1 1 
GO) 4 0 3 0 7 7 
Water extraction................ 3 3 4 3 13 3 16 
Possible maximum.............. 6 6 6 6 24 6 30 


Second: Instances in which the poor soils show lower figures than all of the 
good soils of their respective groups: 


TOTAL (Ex- TOTAL (IN- 
K:0 CaO MgO PO; CLUDING NOs CLUDING 
NOs) NOs) 
Cs en OE TEES 0 1 0 0 1 1 
Hydrochloric extraction......... 0 1 0 0 1 2 
Citric extraction............... 1 0 2 0 3 3 
WVOUES CZITACTION..... 5... 200005 2 3 3 1 9 3 12 
Possible maximum.............. 3 3 3 3 12 3 15 


1 Soils 6 and 13 are not included in the summaries, although their inclusion would not 
change the conclusions fairly deducible therefrom. 
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The persistence with which low figures appear in water extractions of poor 
soils cannot be regarded as without significance. The same is true to a lesser 
degree of the citric-acid extractions, but certainly little can be said in favor of 
the use of either of the other methods for appraising the crop-producing power 
of soils. 

We have purposely eliminated soil 13 from these comparisons for the reason 
that each and every constituent by the first three methods is very much below 
the same constituent in even the poorest of the other soils. All of the methods 
show serious deficiencies of the more important constituents so that any method 
would point out the limitations of this soil with reference to crop production. 
Indeed, a determination of silica alone should be indicative of its low 
fertility. ; 

The use of chemical methods which are incapable of bringing out substan- 
tial differences between soils producing at the rate of 45 to 56 bushels of barley 
per acre and those producing at the rate of 80 or more bushels can hardly be 
justified. Water extraction does bring out substantial differences between 
soils; differences, moreover, which are less perceptible by other methods and 
which furthermore seem to be in general accord with the soils’ crop-producing 
power. 

It may perhaps be urged that a study which is limited to two classes of soil 
cannot have very general application. If, however, the chemical char- 
acteristics of the mineral components of soils have any influence on crop pro- 
duction, their effects should appear in each and every soil where they are not 
masked by adverse physical conditions of such magnitude as to constitute a 
limiting factor in crop production. Where such a condition exists no chemical 
method is adequate. 

We are well aware that the consensus of opinion among soil investigators 
does not countenance the use of the complete analysis of the hydrochloric- 
acid extraction for predicting immediate crop yields. That they are being ex- 
tensively used, however, and their application to this very purpose attempted, 
cannot be denied. We have ventured to present our data in the hope of still 
further limiting their use for such purposes. 


COMPLETE ANALYSIS AND CONTINUED PRODUCTION 


The complete chemical analysis has been extensively advocated as a means 
of forecasting the continued productivity of soils. Such a test is clearly 
adequate in the differentiation of soils like no.13. All experience indicates that 
such soils will neither produce good crops at present without extraordinary 
additions of fertilizers or amendments, nor be capable of long-sustained pro- 
ductivity. Can we, however, justify the use of the complete analysis for 
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classifying soils which are sufficiently well supplied with the various important 
constituents to yield some crop, but nevertheless fall far below average pro- 
ductivity in total yield? Our soils with the exception of no. 13 represent such 
varying but not extreme degrees of fertility. 

The complete analyses show that the poorer soils, no. 3, 9 and 12, carry 
totals of the same order of magnitude as the other soils of their respective 
groups and in spite of their comparatively low present production would be 
rated on an equality with the good soils by the complete analysis. All of these 
soils could doubtless have been brought to a high state of production by the 
incorporation of sufficient decomposable organic matter? If the well recog- 
nized potency of organic matter in similar cases pertains to our soils, it is 
clear that both the present and future productivity of our poor soils is limited 
by the absence of an adequate nitrogen supply; or by the fact that the con- 
stituent minerals are of such a character that they will not replenish the soil 
solution at a sufficiently rapid rate unless they are broken down by indirect 
agencies such as those induced by decomposing organic matter. In either case, 
the limiting factor is not the totals shown by complete analysis, but the lack 
of absorbable forms of nitrogen or the resistant character of the constituent 
minerals. We take it that neither the present generation of farmers nor 
posterity are interested in speculations as to the relative endurance of soils 
which are not backed up by concrete evidence in terms of productiveness. 


CHEMICAL COMPOSITION AND PHYSICAL CLASSIFICATION 


Soils have from time immemorial been classified on the basis of their physical 
properties into such groups as clays, loams and sands. Classifications of this 
order have unquestionably justified their use, and, moreover, are probably in 
general accord with chemical composition when the soils so segregated are of 
the same climatic origin and environment. A question of very considerable 
interest is whether or not a more minute physical classification accords with 
differences in the chemical composition of the various groups. A compre- 
hensive study of this question should obviously include a very large number of 
soils for determination of the probable variation of the various classes and 
individual soils within each class (5,6). The large amount (3600 lbs.) of each 
soil requisite for our plot experiments necessarily limited the number of soils 
here reported upon. Our results, however, point to certain limitations on 
physical classification which may well be of extended application. 

From tables 2 and 2A we have computed several sets of values, the signifi- 
cance of which maynot be clear byinspection. ‘‘Variation” is the arithmetical 
mean of the individual percentage variations from the average of the group. 
The purpose of this figure is simply to obtain a convenient expression for meas- 
uring the extent to which the soils approach uniformity in composition. Com- 
putations of the mean probable variation by the method of least squares is of 


* The integrity of our soils for other purposes has prevented a demonstration of this effect. 
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course not applicable to such a small number of soils. ‘(Maximum individual 
variation” is, for each constituent, the percentage variation of that soil (high- 
est or lowest) which deviates most from the average of all soils. Its purpose 
is to give an expression for measuring the extent to which individual soils 
deviate from the average for the group. 


Soils of the same type (identical series and class) 


The complete analysis may first be used as a test of uniformity in soils of 
the same or similar physical textures. We may then proceed to apply the 
figures obtained by the other methods (table 2). 

The variation of the silty clay loams as shown by complete analysis is 16 
per cent or less for all constituents. The maximum individual variations are 
of course higher. The hydrochloric-acid extraction gives results of the same 
order as the complete analysis as follows logically enough from the fact that 
the acid removes such a large proportion of the total of each ingredient. When 
we examine the results by the less rigorous extraction methods, differences of 
considerable magnitude occur. We believe that we have shown that these 
differences mean something in terms of crop production but they are not 
brought out by the physical classification. Opinion will perhaps differ as to 
the significance of the variations shown by complete and hydrochloric-acid 
extraction. It is clear, on the other hand, in view of the differences in yields 
of some of the soils and the great variations in the water extracts, that neither 
the crop-producing power of the soils nor their fertilizer needs could have been 
predicted from the physical classification alone. 

Silty clay loam soils comprise a class of soils which represent a fairly ad- 
vanced stage in the physical degradation of mineral particles. The same 
forces which tend to cause such changes in the size of the mineral particles 
are active in bringing together many different kinds of minerals. Fine soils 
in general are doubtless very heterogeneous in the origin of their constituent 
minerals, but since these consist largely of the complex silicates containing 
the same kinds of chemical elements, heterogeneous origin should lead to 
uniformity of ultimate chemical composition. Coarser soils derived from 
sedimentation processes might be as heterogeneous in origin and just as uni- 
form in composition. Coarser soils ‘in place’? would in general be derived 
from a more limited number of minerals and such soils from different rock 
formations would be likely to show greater variations in chemical composition 
than do the finer soils. There seems then good theoretical justification for 
assuming that the magnitudes of variation in the silty clay loams are at least 
no larger than those which would appear in the examination of other classes 
from the same or a different series, with the possible exception of soils of very 
fine texture, such as clays, which might be more uniform. 

The variations found by us might have been materially lowered had we 
eXamined a very large number of soils. We do not mean to suggest that our 
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figures represent the probable mean variation. The individual variations, 
however, might and probably would have been even greater if more soils had 
been used. 


Soils of different types (identical class but different series) 


The figures (table 24) for mean and maximum variation by complete analy- 
sis, hydrochloric and citric extraction are (with the single exception of P20; 
in the citric extraction) invariably higher than those shown by the Yolo 
silty clay loams. These differences are of considerable magnitude for most of 
the determinations. Apparently, then, there are greater differences, chemic- 
ally as well as physically, between soils from different series of this class than 
between individual soils of the Yolo series of silty clay loams. To this extent 
the physical classification seems to be consistent, but since we havehere only a 
single representative of each type we do not presume to offer a definite opinion 
on this point, nor can we extend such an opinion to terms of a generalization 
covering other types. 


Soils of different classes 


Here, again, our data are too meagre to serve as a basis for generalization. 
Comparison of the averages by complete analysis and hydrochloric-acid ex- 
traction shows substantial chemical differences (except in phosphoric acid) 
between two physical classes as here represented. It is perhaps not too much 
to assume that differences in ultimate chemical composition are likely to 
appear in comparisons of other classes. We hold, however, that chemical 
differences shown by complete analysis and hydrochloric acid do not determine 
either fertilizer needs or crop production. When we test the two classes by 
the figures for water extraction we see at once that the figures for a given 
constituent in individual soils of either class may run higher or lower than for 
the same constituent in individual soils of the other class. If we furthermore 
bear in mind that both classes include soils of good, medium and low production 
it is fairly obvious that physica! classification into classes, as in the case of 
individual soils of an identical series and class, leaves much to be desired in 
the prediction of yields and prescription of fertilizers, however valuable it 
may be for determining general methods of cultivation. 


CONCLUSIONS 


The data presented heretofore indicate very clearly that the seasonal 
averages by water extraction of uncropped soils give figures more in accord 
with the soils’ present crop-producing power than any of the usual methods. 
The large number of instances in which the soils of low production give low 
figures as compared with those obtained from soils of higher production is very 
striking. It is especially noteworthy that such extractions show substantial 
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chemical differences between soils which, on the average, vary between 50 
and 80 bushels in yield. The method, therefore, is not limited to differentia- 
tion between soils of very high production and those which are totally un- 
productive, but may be applied to the great group of-soils in which the farming 
population is most interested. We refer to soils so productive that the farmer 
cannot afford to allow them to remain uncropped, but not sufficiently pro- 
ductive to meet reasonable demands without fertilizers or amendments. 
We do not suggest that water extraction in its present development is of wide 
application to soils “in the field.” One reason is that field soils are highly 
heterogeneous physically, chemically and in bacteriological flora and it is a 
matter of great difficulty to obtain a representative sample (8); another, that 
the condition of the soil at no single date is likely to represent its average con- 
dition during the growing season or at the period when temporarily depleted 
by plant withdrawals. W. H. Jordan in a recent paper (4) states: 


: that the treatment with water gives results more significant in their relation 
to the productiveness of the several soils than is the case with either of the acid solutions 
but even with the water, if there is any significance in the results obtained, it is shown in 
the amounts of total soluble matter rather than in the proportions of potassium and phos- 
phorus compounds brought into solution. Not much can be claimed, however, for a method 
that shows as high solubilities for a soil producing 14.1 gm. of dry matter to the box as for a 
soil producing 96.8 gm. of dry matter per box. 


We regard Dr. Jordan’s statement as generally corroborative of our con- 
clusions. The limitation which he suggests, however, cannot vitiate our more 
extended conclusions, since his extractions were made on some one given date 
(not stated); whereas the results obtained in this laboratory are averages from 
results on samples taken from the plots periodically throughout the year. 
Since the soil comprises a dynamic system and the extracts vary in magnitude 
from day to day (7), its potentialities are not to be appraised on a single set of 
determinations. 

A corollary to our conclusions as to the superiority of the water-extraction 
method is that all of the other methods are entirely inadequate as measures 
of the present crop-producing power of soils. When we come to consider 
criteria of soil endurance we conclude that any reagent (fusion with alkalies, 
strong acids, etc.) which actively attacks the soil minerals will bring out sub- 
stantial differences between highly silicious soils and those containing con- 
siderable percentages of bases; but will not sufficiently distinguish between 
good soils and those which, while somewhat productive, will not produce 
average crops without additions of fertilizers or amendments. No chemical 
analysis is either necessary or desirable to bring out the differences between 
soils which approach the extremes of mineralogical composition. 

The number of soil classes considered here is too limited to permit of ex- 
tended generalizations as to the correlation of chemical composition of soils 
with their physical textures. Even if we could have shown an absolute cor- 
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relation between ultimate chemical composition and physical texture (6), 
the great variation in yields and water extracts between individual soils within 
a type which is probably unusually uniform, and the further fact that soils of 
other types belonging to.a very different class frequently give figures which 
fall within the limits of individual variation within a type, would cast grave 
doubts on the adequacy of physical classification for predicting probable 
yields or prescribing fertilizers. It is- difficult to conceive that physical 
classification can be applicable to any other purpose than the determination of 
general methods of mechanical treatment. 

To be of any great value to the farmer, the physical classification must at 
least be supplemented by extended data as to crop history and preferably 
by the application of chemical and biological criteria to each individual soil. 
These latter must be the most important function in any adequate investiga- 
tion or survey with the possible exception of those cases in which the soils 
examined represent great extremes of chemical composition and physical 
texture. 
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SUMMARY 


1. Fourteen soils were studied with reference to chemical and mechanical 
composition and crop production under controlled conditions. 

2. The soils included five individuals of a single series of one class and eight 
soils representing different series of another class. 

3. The chemical treatment comprised complete analysis, hydrochloric-acid, 
citric-acid and water extractions. 

4. Low figures by water extraction and to a lesser extent by citric-acid 
extraction are shown to be in general accord with the soils’ crop-producing 
power. 

5. Except in the case of highly silicious soils, the complete analysis and 
hydrochloric extractions are held to be worthless as criteria of present pro- 
duction or probable endurance. 

6. Individual soils of a given series and class show less variation in chemical 
composition than do the representatives of different series of another physical 
class. 
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7. The great variation in crop yield and in the figures for water extractions, 
within a given series and class (soil type) indicates that physical classification 
into types is inadequate as a means of predicting probable yields or determining 
fertilizer requirements. 
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